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SOURCE OF IRON IN PYRITIZED WALLROCKS 
HUGH McKINSTRY 


ABSTRACT 


The amounts of iron in fresh rocks and their altered equivalents have 
been compared by recalculating many published analyses with a view to 
determining whether or not the iron already present in the rock is sufficient 
to account for the pyrite in the altered zone. 

Although there are numerous instances of addition of very significant 
quantities of iron during alteration, as well as other examples of partial re- 
moval (at least from certain sub-zones) it would appear that in the 
majority of cases the change indicated by analyses was within the pre- 
sumed limits of error in sampling. 

As might be expected, the proportion of the iron determined as ferric 
decreases from the fresh rock to the altered zone. Except where iron is 
added, the alteration results in a decrease in density. 

Presently available data for most districts, however, are inadequate to 
afford satisfactorily quantitative conclusions as to the change in the amount 
of iron or of any other constituent during alteration. Carefully planned 
sampling as carried out in Butte, Yellowknife and a very few other dis- 
tricts is needed elsewhere before trustworthy generalizations regarding the 
chemistry of rock alteration are possible. 


INTRODUCTION 


PyriTE is ordinarily the most typical and conspicuous mineral in altered rocks 
adjoining veins and sulphide-bearing orebodies. That it commonly represents 
addition of sulphur to the altered zone is evident from the mineralogy and 
confirmed by numerous analyses. Was the iron of the pyrite added as well 
as the sulphur or was it already present in the rock before alteration? The 
answer is not necessarily the same in all cases, of course. Introduction of 
iron is unquestioned in some examples of thoroughly pyritized rocks and in 
strongly pyritic zones in quartzites and limestones that could have contained 
very little original iron. In a few instances (24, 30), the fact that the original 
rock contains sufficient iron to account for the pyrite in the altered phase has 
been a matter of comment but as most presentations and discussions of com- 
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parative analyses consider ferric and ferrous iron separately the change or 
lack of change in total iron escapes attention. 

In an effort to find out what has happened in specific instances, the writer 
recalculated nearly a hundred and fifty readily available published chemical 
analyses of fresh rocks and their altered equivalents, converting the iron con- 
tent, conventionally reported as Fe,O,, FeO, and sometimes FeS, into total 
iron computed as Fe. 

Estimates of the changes in content of iron (or any other constituent) 
should properly take into account the bulk densities (specific gravities) of 
the fresh and altered phases. It is commonly assumed that in hydrothermal 
alteration Lindgren’s (16, p. 92) “law of equal volumes” applies; that is, that 
chemical changes have been effected by change in density of the rock rather 
than by expansion or compaction. That this assumption is in general correct 
is evident in localities where original structural features such as bedding are 
preserved with little or no distortion. Hence a proper comparison of fresh 
and altered rock is a comparison of weiglits of iron or other element in a given 
volume of each. 

Table 1 lists those analyses which are accompanied by determinations of 
density, with the computed gain or loss in Fe per 100 cc. The arrangement 
in listing is roughly the order from decreasing losses to increasing gains, 
although individual analyses in a given district have been grouped together. 

Table 2 lists analyses for which no corresponding determinations of density 
are available. Changes in weight percentages of Fe are computed but are of 
course less indicative than changes per unit volume. Although a computation 
of absolute gains and losses is impossible without knowing densities, a perusal 
of relative changes in rocks of unknown density may nevertheless be informa- 
tive. Thus inspection of Table 1 will show that adjustments for changes in 
density have in but very few instances reversed the apparent direction of the 
change in iron content although in many instances they have notably modified 
the magnitude of the change. Inasmuch as pyritic alteration is more often 
than not accompanied by a reduction in density, an adjustment, if it could have 
been made in cases where density determinations are in fact lacking, would 
have tended to reduce the apparent gains and increase the losses. 

Some published analyses are not considered pertinent to the present 
inquiry, notably those in which pyrite is very low either in absolute amount or 
in proportion to the iron present as carbonate or other compounds, thus 
presenting a separate problem. Some of these are tabulated for reference, 
under districts numbered 19 to 24 in Table 1, but are omitted in summing up 
most of the results. 


SUMMARY OF DATA 


Changes in Iron Content 


Table 1 (Analyses for which density determinations are available).— 
Among 28 pairs of analyses, 14 show gains in Fe and 14 show losses. This 
enumeration includes a number (seven) in which gains or losses are small. 
If it be assumed arbitrarily that a gain or loss amounting to 12 percent or less 
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SOURCE OF IRON 


TABLE 1 


IN PYRITIZED WALLROCKS 


Ely, Nev. 
Monz. por. 
Monz. partly alt. 203 
Monz. fully alt. 102 
Porphyry ore 153 
Sfd. por. 154 


King Solomon, Mont. 
Qtz. monz. 1 
Qtz. monz. 2 


Bingham, Utah 
Fresh porphyry 
Dark prophyry 
Light porphyry 
Wall of lode 


Porcupine, Ont. 
Dacite 
Alt. dacite 
Pillow lava 
Alt. pillow lava 
Qtz. por. 

Alt. qtz. por. 


Chuquicamata, Chile 
Fresh granod. 1 
Transition rk. 2 
Chuqui por. 3 
Flooded rk. 4 
Ser’d rk. 5 
Sfd. rk. 6 
Porcel. rk. 7 


Kosaka, Japan 
Dacite sltly. alt. 203 
Dacite mod. alt. 205 
Dacite highly alt. 206 


Thames, N. Z. 
Hbl andes, fresh 1 
Hbl andes, chld. 2 
14 ft from vn. 3 

5 ft from vn. 4 
adjoining vn. 5 


Yellowknife, N.W.T. 
Greenstone, fresh YC-16 
Chl. carb. sch. YC-17 
Chl. carb. sch. YC-18 
Greenstone YC-19 

Chl. carb. sch. YC-20 
Chl. carb. sch. YC-21 


RNNNN 


NN 


nos 


2.97 
2.85 
3.01 
2.95 | 
2.75 | 
2.94 


(3) 


2.38 
0.36 
0.29 
nil 


0.91 
0.00 


0.21 
0.85 


(4) 


= 
= 


Fe | 
Total 


++ 


—22.1 
—67 


+47 


| } 
(1) 2) | | | G) | 6) | @ | @) | (9) - 
| Gras 
| re | ret | 
| 2.70| — | 5.08 | 13.8 
1.40] 1.46] 3.22| 84 | — 5.40| —39 
0.97| 3.6 —10.42 | —74 
nr. | 2.46%) 2.89) 7.28| — 6.52] —47 
nr. | 1.74%, 1.94] 4.89] — 8.91| —65 
2.71 | 0.90 | 2.11] 0.61 | 3.62| 9.82 
2.60; — 1.20] 0.21 | 1.41] 3.66] — 6.16| —63 
| 
2.76 | 2.27 | 1.98| 0.05*| 4.25 | 11.7 
2.58 | 0.96 | 2.57| 0.59%) 3.53) 9.10) — 
2.43 | 1.29 | 0.30 1.454 1.59| 3.87 | — 
n.d. | 4.80 | 1.83] 5.16*) 6.63 | b.d. 
| 
| | | 
| 2.86 | 0.63 | 7.59] .08| 8.30 | 23.73 
2.92| 0.77| — | s.o1| 5.78|169 | — 68 | —29 ee at 
2.92 | 0.14 | 12.33 | 0.11 | 12.58 | 36.78 4 
3.41) — 2.50 | 13.28 | 15.78 | 53.87 | +17.1 | 
2.76 | 3.18 | 0.22| 4.31 | 11.90 | 
0.68 | 1.34| 2.02| 5.57| — 6.3 | —56.0 
2. 0.97 | 1.73| — | 2.69] 7.37 
| 0.36 | 1.72) — | 2.07/ 5.61} 1.76| —24 
2. tr. | 1.06] 0.10| 1.16) 3.10| — 4.27| —58 
2. | 0.44 | 0.29) 1.43] 2.16) 613] — 1.24] 
2. tr. | 109| gm | 1.17| 3.21| — 4.16| —S6 
2m | 0.47 | 0.99| 1.92| 5.25] — 2.12| —29 
2. | tr. | 1.85] 1.16] 3.01] 8.15 0.78 | +11 
6. | | | a 
2.55 | 1.01 | 2.32] 0.03| 3.35| 8.54 
2.53 | 0.08 | 2.39] 0.01 | 2.57 6.44 | — 2.10| —25 
2.50 | 0.12 | 0.19| 246| 2.75| 6.90| — 1.64| —19 
7. 
2.69] 1.64} 2.94) — | 4.58 | 12.31 
1.62 | 2.32} — 3.94 | 
1.09 | 1.85] 0.66 | 3.60 | 
1.32 | 2.30] 1.09| 4.71 | 
2.31 | 1.01 | 1.89] 4.36) 9.88| — 2.43| —20 
8. | | 
5.04 | 7.70 | 0.74*| 12.74 | 24.36 
2.49 | 7.14| 1.89% 9.63 | 27.46 3.1 | +14 
2.11 | 6.96| 5.98* 9.07 | 27.31 2.9 | +12 (or: 
0.66 | 7.53 | 0.24*| 8.18 | 24.15 | 
5.36 | 0.37*| 5.57 | 15.31 | — 88 | —36 
| 4.42| 3.20*| 5.27 | 15.47| — 8.64| —36 
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TABLE 1—Continued 


13a. Butte, Mont. 
Fresh rk. (av. of 4) 
Arg'z Zn (av. of 6) 


Goldfield, Nevada 
Dacite, fresh 1 
Dacite, alt. 2 


Bridge River, B. C. 
Dior. unalt. A 
Dior alt. Ai 


Kirkland Lake, Ont. 
Porph, ‘‘fresh”’ 1 
Porph, alt. 2 

Porph, alt. 3 


Porph, ‘‘fresh"’ 1 


Red syenite 1 
Red syenite alt. 
Ore 


Lamprophyr. 
Lamprophyr. alt. 


Uchi, Ont. 
Greenstone 1 
Greenstone alt. 2 


Willow Creek, Ida. 
Fresh granite I 
Granite alt. II 


Sfd Zn (av. of 6) 


Idaho-Democrat 
Fresh granite A 
Granite alt. Ai 


Croesus, Idaho 
Diorite, fresh B 


Diorite alt. adj. vn. Bi 


Castle Dome, Ariz. 


Q. monz. por. (av. of 1 & 2) 
Q. monz. alt. clay phase 3 
Alt. clay-ser. phase 4 

Alt. sericite phase 5 


Rimini, Mont. 


Qtz. monz., fresh 1 


Qtz. monz., alt. 2 
Qtz. monz. alt. 3 


Porph, sheared and alt. 2 


3.65 
3.86 
3.90 


2.18 
2.91 


4.55 
4.99 | 


2.97 
2.29 
1.97 
4.73 


3.17 
5.30 
4.75 


5.82 

7.10 | + 1.37 | +24 
12.85 

14.45 | + 1.60 | +12 
7.87 

5.28 | — 2.59| —49 
4.53 | — 3.34| —42.5 
| 11.32 | + 3.45 | +44 

8.40 

13.74 | + 5.34 +45 


— 1.95 


— 0.03 


+ 1.03 


+ 0.32 


—18 


—10 


* By difference. 


> Includes Fe contained in FeAss. 


742 
| ae (1) (2) | (3) (4) (S) (6) (7) | (8) | (9) 
g. per 100 cc. 
D. | | Fe® | Fess | Total 
9. 
2.63 | 2.34 | 1.82) nil | 4.16 | 10.95 
2.49| 0.14 | 3.37) 3.62) 9.00| 
10. 
2.94 | 2.24 | 6.89] 0.22 | 9.35 | 27.49 
2.85 | 0.21 | 4.35| 0.89 | 5.45)|27.20| 
ae’ 
11. 
2.71 | 0.70 | 1.25) — 1.95 | 5.31 
2.70| 0.56 | 0.90} nd. | 1.46| 3.95 | — 1.36) —26 
2.71 | 0.73 | 0.90| nd. | 1.63| 4.42 | — 0.89) 
+ 
2.75 | 0.63 | 1.26| 0.18 | 2.07) 5.69 
2.76 | 0.66 | 1.89) 0.13) 2.67) 7.44 + 1.75 | +30 
2.69 | 0.64 | 2.19] 0.05 | 2.87} 7.73 
2.75 | 0.68 | 3.73| 0.14] 4.55 | 10.25 | + 4.56] +38 
n.d. | 1.04 | 4.69] 0.84) 6.57| nd. | nd. 
| 2.82 | 2.82 | 4.32] md. | 7.14 | 20.1 
2.81 | 2.10 | 5.54| nd. | 7.64)214 | +13 | + 6 
ae 2.82 | 1.62 | 9.04| 0.13 | 10.79 | 30.43 
2.85 | 1.50 | 5.78| 3.74 | 11.02 | 31.45 | + 3.4 
13. 
2.71| 1412 | 1.15] — | 2.27] 6.15 
2.77 | 0.47 | 1.04| 0.83 6.47 | | + 5.2 
2.47 | 2.13*| 1.73 | 1.31* | 9.55|— .37| — 3.7 
2.70 | 3.40%, 0.50) 3.28* 10.50} + .58|+ 5.8 
14. 
2.67 | 0.68 | 1.50} 0,02* 
sl 2.47| 0.45 | 2.33| 0.13 
2.83 | 0.71 | 3.83 | 0.02 
| 2.90} 0.45 | 3.02) 1.52 
| 
2.65 | 1.35 | 1.61) 0.01 
2.3 | 0.72 | 0.77} 0.80 | 
|2.3 | 0.35 | 0.80 0.82 | 
2.8 | 0.70 | 0.75| 3.28 
| 
2.65 | 1.60 | 1.57) — 
— | 0.94 | 0.40 | 
2.89 | 1.07 | 0.29 | 3.38 
wer 
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TABLE 1—Continued 


(2) 


(3) (4) 


| 

Bonanza, Colo. | 
Andesite 1 | 2. 
Andesite sfd. 4 2 


71 
67) 245) 2.78; — 


Andesite sfd. hem. 5 3.07 |22.04 | 2.02 tr. | 24.06 | 73. +68.7 | +400 
Andesite sfd. & py'’d 6 3.00 | 0.45 | 2.14 | 11.62 | 14.21 | 42.60 | +28.6 | +204 
| | | 

19. Climax, Colo. | | 
Granite, fresh C19B 2.52 | 0.24 | 
Granite sltly. sfd. C35A 2.23 | 0.04 _ | —68.5 


* 
—) 
N 


Granite mod. sfd. C54A4 2.25 | 


O.K, Mine, Utah 
Qtz. monz., fresh 2 2.64 | 1.34 1.96 30 | 8.72 
Qtz. monz. alt. 2a 


* 
me 


Eagle River, Alaska 


Amphib. unalt. 1 3.08 | 2.18 8.14 nil 10.32 | 31.84 
Amphib. alt. 2 6.5 


Copper Gulch, Utah 


Qtz. monz., fresh 1 2.72 | 1.84 2.46 — 4.30 | 11.68 
Qtz. monz. alt. la 2.53 | 1.60 2.84 | 0.11%) 4.44 | 11.23 | — 0.45 4 
23. Boulder Co., Colo. 
Granite 35 ft from vn. 2.33 | 0.71 | 1.61] tr. | 2.33] 6.12 
Granite 10 ft from vn. 2.17 | 0.98 1.76 | 0.02*| 2.76| 6.00 | — 0.12} — 2 
Granite 3 ft from vn. 2.18 | 0.55 1.76 | 0.03*, 2.31 | 5.04| — 1.85| — 3 
Granite } in. from vn. 2.2 0.85 | 1.97 | 0.02*) 2.82 | 6.44 > + 0.32 | + 5 
24. Breckenridge, Colo. } | | | 
Dior. porph. 25 ft frm vn. 1 | 2.76 | 2.21 | 3.40| 0.04 | 5.65 | 15.60 | | 
Dior porph. close to vn. 3 2.93 tr 8.70 | 0.94 9.64 | 28.20 | +12.30)' +79 
| | 


EXPLANATION OF TABLE 1 


Column 1. Brief descriptions; more extended descriptions are given below. Numbers first listed 
are for reference to these. Succeeding numbers are designations of analyses as in original 
paper. 

Column 2. Density. 

Columns 3, 4 and 5. Fe content of the components computed from determinations reported in 
analyses. 

Column 5. Where iron contained in FeS: is starred (*), it has been computed from the reported 
content of S and is not additional to Fe reported under Fe? or Fe?. 

Column 6. Total Fe in rock; the total of columns 3, 4 and (where not starred) 5. 

Column 7. Grams Fe per 100 cc of rock (column 2 X column 6). 

Column 8. Gain or loss of Fe in grams per 100 cc of rock. 

Column 9. Gain or loss of Fe as percent of that contained in fresh rock. 


1. Ely, Nevada (28)* 
35. Monzonite prophyry, Weary Flat, Nev. 


203. Porphyry, partly ‘“‘metamorphosed” (altered), Central Eureka Shaft. 


102. Ore porphyry, fully ‘‘metamorphosed” (altered) but free from vein filling, Veteran 
Mine. 


* Numbers in parentheses following name of district refer to ‘‘References” at the end of the 
paper. 


4a 
(1) (5) (6) (7) (8) (9) 
g. per 100 cc. 
D. Fe Fe FeS: | Total 
| Fe AFe A% 
5.17 | 14.04 | 
20. 
| ae 
a1. 
— 7.12| —22 
22, | 
| 
| 
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153. Porphyry ore, Copper Flat Mine. 
154. Silicified variety of porphyry ore, Copper Flat 
No description of sampling. 


. King Solomon (11) 
1. Quartz monzonite, source not stated. 
2. Lode on 300 level. Siderite present; partly sericitized. 


. Bingham Utah (4) 
1. Fresh rock. British tunnel, Last Chance Mine. 

2. Dark porphyry (altered rock), Boston Consolidated M‘ne. Sub § 
3. Light porphyry (altered rock), Utah Copper Mine, north end of pit 
4. Wall of lode, British tunnel, Last Chance Mine. 


. Porcupine, Ont. (8) 
Hollinger Mine 
1A. Comparatively fresh dacitic greenstone ‘‘several feet’’ from a vein 
1B. Highly altered bleached phase ‘‘immediately adjoining” vein 
2A. Comparatively fresh dark gray pillow lava ‘‘several feet’’ from vein. 
2B. Highly pyritized phase of 2A ‘‘immediately adjoining”’ vein. 
3A. Sample typical of quartz porphyry taken 30 feet from vein. 
3B. Quartz porphyry walls ‘‘immediately adjoining vein.” 


. Chuquicamata, Chile (18) 
1. Fresh granodiorite. 
2. Transition rock; contains specular hematite. Ferromagnesians chloritized. 
3. Chuquicamata porphyry (an albitized rock with orthoclase phenocrysts (porphyro- 

blasts ?) 

. Flooded rock; silicified; less sericite than 5. 

. Sericitized rock. 

. Silicified rock. 

. Porcelain rock; fine grained silicified. 


. Kosaka, Japan (9) 
203. Slightly altered dacite. 
205. Moderately altered dacite. 

206. Highly altered dacite. 


. Thames, New Zealand (6) 
1. Fresh hornblende andesite, Thames. 

2. Chloritized hornblende andesite, Halcyon Mine. 
3. Altered andesite, 14 ft from Ophir vein. 
4 
5 


. Same, 5 ft from Ophir vein. 
. Same adjoining Ophir vein. 


8. Yellowknife District, Northwest Territories, Canada (2) 
Samples were chip samples across total width of altered phases. 
16 (YC16). Greenstone. Sample across 80 feet, 11th level, Negus Mine, Negus Rycon 
system. 
17 (YC18). Across 2 feet. Same locality. 
18 (YC18). Across 1 foot. Same locality. 
19 (YC19). Across 250 feet, 13th level Negus Mine, Campbell vein system. 
20 (YC20). Across 70 feet. Same locality. 
21 (YC21). Across 2 feet. Same locality. 


. Goldfield, Nevada (22) 
1. Fresh dacite $ mile N.E. of Columbia Mountain. Biotite, augite, quartz, hornblende, 
labradorite. 
2. Altered dacite, 230 level, Combination mine, typical wall rock. Quartz, kaolinite, 15% 
alunite, 7.3% pyrite. Porosity 9.9%. 
Analyses were from specimens taken 1} miles apart. 


. Bridge River, B. C. (20) 
A. Unaltered augite diorite 
A1. Altered augite diorite, Lorne Mine 


744 
> 2 
3 
‘ 
A 
6 
— 
: 
7 
“3 
10 
4 


SOURCE OF IRON IN PYRITIZED WALLROCKS 


11. Kirkland Lake, Ontario (32) 
Porphyry 


1. Less altered, between 2 veins, Wright Hargreaves Mine, 1500 level. 
2. More altered, from north wall of south vein. 
3. South wall of north vein. 


Porphyry 
1. Less altered porphyry 50 ft from vein, 600 level, Lake Shore Mine, 0.38% pyrite. 
2. Highly sheared and altered prophyry from wall of oreshoot, same locality, 0.28% pyrite. 


Red Syenite 
1. Fresh red syenite, 2300 level, Kirkland Lake Mine. 

2. Altered, from walls of vein. 

3. One month’s mill run from Kirkland Lake Mine. A mixture of red syenite and lam- 
prophyr. 


Lamprophyr 
1. Fresh-appearing, 50 ft south of main vein on 2475 level, Kirkland Lake Mine. 
2. South wall of ore-bearing vein, sheared and slightly reddened. 
12. Uchi Gold Area (1) 


1. Greenstone country rock. 
2. Hydrothermally altered equivalent. Contains ankerite. 


13. Willow Creek, Idaho (14) 
I, Fresh granitic rock, Silver Wreath tunnel. 

II. Altered granitic rock a few feet away. 

The analyses were of ‘‘two rocks” (hand specimens ?). 


13a. Butte, Montana (25) 
Fresh rock (quartz monzonite), average of 4 samples. 
Argillized zone. 10 samples from 6 veins, averaged by veins. 
Sericitized zone. 8 samples from 6 veins, averaged by veins. 


14. Idaho Democrat Vein, Wood River District, Idaho (15) 


A. Fresh granitic country rock: orthoclase, oligoclase, biotite (chlorite, epidote). 
Ai. Altered granitic rock (quartz, sericite chlorite, calcite) adjoining 5 ft. of solid galena. 


15. Croesus mine, near Hailey, Idaho (15) 


B. Country rock ‘‘near vein.’ 

Bi. Altered dioritic country rock adjoining vein. Quartz, sericite, chlorite and calcite. 
.58% of pyrite. 

Both from Hailey collection (presumably specimens). 


16. Castle Dome, Ariz. (21) 


1 and 2. Unaltered quartz monzonite porphyry. The two have been averaged together in 
Table 1. 

3. Quartz monzonite porphyry, altered. Clay phase of alteration. 

4. Same. Clay sericite phase. 

5. Same. Sericite phase. 


17. Rimini District, Montana (11) 
1. Quartz monzonite, fresh ‘from Rimini."" Analyst J. G. Fairchild. 
2. Quartz monzonite, altered from hangingwall of Valley Forge vein. 
3. Quartz monzonite, altered from footwall of Valley Forge vein. 


18. Bonanza, Colo. (3) 
Augite mica andesite 

. Silicified andesite. 

Silicified andesite: red jasper with only a trace of pyrite but much hematite. 
Andesite, silicified and pyritized, 24.96% FeSz. 
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19. Climax, Colorado (4a) 
C19B. Fresh Silver Plume granite. 

C 35A. Slightly silicified granite. 

C 54-A4. Moderately silicified. 

Localities not specified. Weights of specimens 85 to 95 grams. 

Not considered pertinent to present study because the maximum sulphur content (in 

C35A) is only 0.03%. It is known from other data, however, that there is a consistent 

loss of iron in the altered (orebearing) zone. 


. O. K. Mine, Utah (4) 


2. Fresh quartz monzonite, vertical shaft, O. K. Mine, Beaver County. 
2a. Altered quartz monzonite, stope shaft. Sericitized wallrock of copper vein. 
Pyrite content is very low. 


7 a . Eagle River, Alaska (10) 
eh 1. ‘‘Unaltered"” amphibolite; augite converted to actinolite, N.W. side of Mendenhall 


glacier. Analyst J. G. Fairchild. 
2. Altered amphibolite with thin auriferous veins; same pyrrhotite and black mica. Ana- 
lyst J. G. Fairchild. 
Of doubtful significance for present inquiry because amounts of sulphides or sulphur not 
reported. 


. Copper Gulch Utah (4) 


1. Fresh quartz monzonite, Copper Gulch, Beaver County Utah. 
la. Altered quartz monzonite. Wall rock of tourmaline quartz vein. Note low pyrite 
content. 


. Boulder County Colorado, Tungsten veins (19) 
1. Boulder Creek granite, 35 ft from mineralized portion of vein. 
2. 10 feet away from vein. 
3. 3 feet away. 
4. 4 inch away. 
Note: not considered pertinent to present inquiry because the highest sulphur content (in 
No. 3) is only 0.04%. 


. Breckenridge, Colorado (23) 


1. Fresh diorite porphyry 25 ft from vein, Wellington Mine. 

3. Altered diorite porphyry less than 6 inches from vein. 

Both were specimens. Of doubtful pertinence because the altered rock is low in pyrite and 
the large addition of Fe was largely fixed as carbonate. (Contains 19% of FeCOs.) 


of the iron content of the fresh rock is within the limits of error in sempling, 
then only 7 of the 28 pairs show significant gains. 

In making this count, only those altered phases which contain 1 percent or 
more of pyrite (0.446 percent Fe as pyrite) are considered as the pyritized 
member of a pair. Where there is more than one sample for a district, only 
the most intensely altered phase is counted except where one phase shows a 
loss and another a gain in Fe. 

Out of 19 districts listed, 6 districts show losses, 6 show gains and 7 show 
losses for some samples and gains for others. But if, again, indicated changes 
of less than 12 percent be considered as not significant, then only 4 districts 
out of the 19 show significant gains. 

Table 2 (Analyses for which density determinations are not available).— 
Among 16 pairs of analyses, 9 show losses and 7 show gains. For 6 of the 
16 pairs, the gain or loss is small. If it be arbitrarily assumed that a gain 
or loss amounting to 12 percent or less of the iron content of the fresh rock is 
within the limits of sampling, then only 5 of the 16 pairs show significant 
additions of Fe. 
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TABLE 2 


ANALYSES FOR WHICH DENSITY DETERMINATIONS ARE NoT AVAILABLE 


(S) 


Fe as 
FeS: 


Percent 


SOURCE OF IRON IN PYRITIZED WALLROCKS 


. Waihi, N. Z. 
HbI dac. fresh 1 1 
dac. chl'd 
Hbl dac. 30 ft from vn. 3 1 
Hbl dac. 15 ft from vn. 4 1 
Hbl dac. 5 ft from vn. 5 0.75 

Replacmt. ore 6 


. Gold Creek, Alaska 
Diorite, green 208 1.39 
Diorite, brown 60 


. Kalgoorlie, W. A. 
Qtz. dolerite greenst. 
(average of 6) 1.98 
Greenst., bleached (1) 1.71 
Greenst., bleached py'd (2) 


. Ray, Ariz. 
Schist (av. of 2) 3.18 
Protore (av. of 4) 3 


. Grass Valley, Cal. 
Granodior. fresh 


Granodior. alt. I 0.53 
Granodior. alt. II 0.88 
Granodior. alt. VII 0.54 
Diabase, fresh 1.10 


Diabase, alt. VI 


. Mother Lode, Cal. 


Slate 2 3.82 
Slate alt. 1 0.85 
Greenstone 2 0.95 


Greenstone alt. 1 


. Tonopah, Nev. 

Andes. fresh av. 1 & 2 3.06 
Andes. alt. 3 0.11 
Andes. alt. 4 


. Cripple Creek, Colo. 
Latite, fresh B 
Latite, alt. A | 0.74 
Granite, fresh A | 1.46 

Granite, alt. B 


. Beattie, Que. | 

Syen. por., somewh. alt. A 1.30 
Syen. gray alt. B 
Syen. gray mas. alt. C | 0.24 


® Includes 0.138% Fe as Fe7Ss. 


+0.98 | + 0.25 


| 
—0.70 | —18 
—1.07 | —26 


—2.03 | —25 


42.67 | +23 
—2.06 | —18 


—1.51 | —35 


+1.00 | +34 


—0.19 — 6.5 
=0.16 | 5.4 
—0.61 | ~10 


—3.61 | —50 


—0.10 


+0.86 | +30 


—0.05 | — 1.7 


+0.05 


+ 2 
+0.47 | +16 


747 
(1) | (3) (4) | = | (6) | (7) (8) éaceg > Y 
Fe? Fe? Total AFe %AFe 
2.34 3.94 | 
230 | — | 402 | 
0.96 | 0.30 2.41 mes NE 
1.29 | 0.88 3.24 | 
9.45 | 1.67 | 11.87 
0.16 | 2.12 2.58 | —1.36 | —35 ay Bi 
2 — 
5.48 | 0.26" | 6.15 
3 
| 
9.35 | 0.14 | 11.47 
12.29 | 14 | 14.14 
4.32 | 4.88 | 9.43 
1.16 -- 4.34 
0.86 | 0.93 | 2.83 | 
| | | i, 
1.06 1.86 | 0.01 | 2.93 a 
2.06 | 13 | 393 | 
1.82 | 0.04 2.74 
1.49 | 0.74 2.77 
4.13 | 0.80 6.03 | 
| 0.12 3.33 | 1.87 5.42 | 
1.71 | 1.00 3.56 
sm | — 7.19 
0.48 5.94 | 1.27 7.69 | +7 
1.24 | 0.02 4.32 
0.45 | 3.66 | 4.22 | mmm | —23 Spo oe 
| 
8 
093 | — 2.05 | woe 
— |2a7 | 21 |) 
1.49 | 0.05 3.00 aE 
0.51 | 2.23 2.95 
1.58 | 0.11 2.99 
1.96 | 0.43 | 3.04 
2.07 | 1.15 | 3.46 a, 
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TABLE—2 Continued 


(4) | (S) 


Percent 


Fe as Fe 
FeS: 


. Ajo Ariz. 
Q. monz. ab'd & ser’d 5 
6 
av.5 & 6 
Q. monz. mineralized 7 


. Ground Hog, N. Mex. 
Granodiorite por. 


Do. sitly. alt. | x +6.75 +66 


EXPLANATION OF TABLE 2 


Columns 1, 3, 4, 5 and 6. See explanation under Table 1 for Columns similarly numbered. 
Column 7. Gain or loss of Fe in grams per 100 grams (difference in figures in column 6). 
Column 8. Apparent gain or loss of Fe as a percentage of content in fresh rock. 


1. Waihi, New Zealand (6) 


. Fresh hornblende diorite. 

. Chloritized hornblende diorite. 

. Altered hornblende diorite 30 ft. from vein. 

. Ditto 15 ft from vein. 

. Ditto adjoining vien. 

. Replacement ore. (Epithermal gold mineralization; propylitic alteration.) 


. Gold Creek Alaska (27) 


208. Green diorite from dike in slate. 75% green hornblende with granulated feldspar and 
some quartz. 
60. Brown diorite, Ebner Mine. Quartz, mica, titaniferous magnetite & 24% sulphides 
including 0.27% FeS2 and 2.25% Fe7Ss; iron content of both tabulated here under 
FeS: 


. Kalgoorlie, W. A. (30) 


Average of six analyses (presumably specimens) from various parts of the Kalgoorlie 
District. Fe content ranges from 8.40 to 13.21%; sp. gr. 2.85 to 2.97. 

1. Bleached greenstone, west crosscut, Ivanhoe Mine, 0.3% pyrite. 

2. Bleached greenstone 290 ft level, Charlotte shaft. 

No density determinations for 1 and 2. 


. Ray, Ariz. (24) 


1 and 2 are from specimens (S) of Pinal schist from two different localities (Ransome’s 3 
and 4 are exceptional types and are not included here). 

6 and 7 are ‘‘metallized schist or protore,”’ large samples carefully collected ‘‘by the mine 
samplers.” 

(No. 5 has been omitted here as Ransome considers it less representative.) 


. Grass Valley, Calif. (13) 


The analyses were evident!y of hand specimens. II and VII are altered rocks from two 
different viens. Neither is from the same locality as the fresh specimen of granodiorite. 
The diabase is ‘‘uralitic diabase,’’ sample taken on surface. VI is derived from uralitic 
diabase in the North Star Mine. 
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6. Mother Lode, California (13) 
Slate. 
2. Clay slate near head of Yaqui Gulch, Mariposa County. 

1. Slate from hangingwall of Argonaut vein in crosscut 4650 level. 


Greenstone. 


2. Augite melaphyr 2.2 miles S.W. of Jackson. 
1. Highly altered greenstone (‘‘gray ore’’) Bunker Hill Mine. Contains ankerite. 


7. Tonopah, Nev. (29) 


The ‘‘samples” were evidently hand specimens. Spurr's nos. 1 and 2 are “‘later andesite” 
taken from two different shafts and neither one from the same shaft as the altered samples. 
As they vary considerably from each other in Fe content they have been averaged here. 

3 and 4 are “entirely altered late andesite’’ from two different veins and neither of them 
from the same shaft as the fresh specimens. 

In No. 4, only one-fourth of the iron was present as pyrite. The rock description indicates 
that the balance was as siderite, chlorite and actinolite (?). Therefore, No. 4 is not very 
significant regarding source of Fe in the pyrite. 


8. Cripple Creek, Colo. (17, p. 189) 
Latite. 
B. Fresh latite phonolite, west slope of Bull Cliff. 
A. Altered latite phonolite, Washington shaft; Independence Mine. 
Note: Fresh and altered phases were not from same locality. 


Granite. 

A. Syenitic modification of normal granite. 

B. 1 ft from A contains newly formed adularia. Pyrite disseminated and also replaces 
magnetite. 

Both samples are specimens. 


9. Beattie Mine, Quebec (5) 


A. Syenite porphyry, somewhat altered, Main shaft crosscut, first level. 
B. Gray altered syenite porphyry, same locality. 
C. Gray massive altered syenite porphyry, same locality. 


10. Ajo, Arizona (7) 

Method of sampling not described. 

5. Albitized sericitic quartz monzonite (porphyry facies). 

6. Albitized sericitic porphyritic quartz monzonite, mineralized, albitized and pegmatized. 

Center of New Cornelia pit. 

As it is assumed here that the terms describing 5 and 6 are synonymous, the two analyses 
have been averaged for comparison with 7. Fe assigned to pyrite in the table includes Fe 
in CuFeS: and “‘CuFeS,” (assumed to mean CusFeS,). 


11. Ground Hog, New Mexico (26) 
1. Granodiorite porphyry 
2. Granodiorite porphyry strongly altered. 


Out of 11 districts listed, 5 show losses, 3 show gains and 3 show losses 
for some samples and gains for others. Disregarding changes of 12 percent 
or less, 5 of the 11 districts show significant gains. 

Tables 1 and 2.—Although the samples represented by the two tables are 
neither numerous enough or representative enough to permit statistical treat- 
ment, it is of interest to note that in the 44 pairs of analyses that are con- 
sidered pertinent to the question, the proportion showing no “significant” in- 
crease in iron content with pyritization is about 70 percent. Of the 30 mines 
and districts represented, the proportion showing no significant increase in 
iron is likewise about 70 percent. 
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A plotting of the results (not reproduced here) shows no recognizable 
correlation between iron content of the original rock and change in consequence 
of alteration nor is there any consistent correlation with genetic types of 
deposits. 


Reduction of Ferric Iron 


An observation which is by no means new is brought out strikingly in this 
collection of analyses, namely the decrease in the proportion of iron determined 
as Fe,O, in the altered rock as compared with the fresh. In only two pairs of 
analyses is the proportion (Fe as Fe,O,)/(total Fe) higher in the altered 
rock, and in both cases the ferric iron content of the fresh rock is very small: 
In the Yellowknife district (6, Table 1) the “fresh rock” is a greenstone 
already regionally altered. In the Kirkland Lake district (11, Table 1) the 
altered rocks in general contain notable amounts of finely divided hematite. 


Changes in Density 


Decrease in density, reflecting a net removal of material, is rather common 
in rock alteration. The opposite, an increase in density, is generally at- 
tended by addition of iron, its weight more than compensating for removal of 
other material. Comparison of density with iron content is not in general 
subject to the errors in sampling discussed below because the samples for 
density determination are ordinarily the same specimens as those analyzed. 

Among 32 examples, 18 show decrease in density, 12 show increase and 2 
are unchanged. As might be expected, decreases in density are generally ac- 


companied by loss of Fe and vice versa. In the 17 pairs of analyses that show 
decrease in density, 5 show increase in Fe; in 3 of the 5 the increase in the 
amount of Fe as pyrite is minute (in one, one of the samples from Kirkland 
Lake, the altered rock actually contained less pyrite than the “fresh’’). 

In the 12 pairs of analyses that showed increase in density, only 2 were 
accompanied by loss of Fe. 


Migration of Iron Within Altered Zones 


Where more than a single analysis for an altered zone is available, there 
is in some cases evidence of variation in Fe content in different parts of the 
zone. This has been best studied at Butte where Sales and Meyer’s graphs 
(25, Figs. 6, 7, 8, 9 and 10) show in general a falling off in Fe from fresh 
rock to the argillized zone and an increase in the sericitized zone (nearer the 
vein). The calculated average for six veins shows that the aggregate amount 
of iron lost from the argillized zone would be about equal to that gained by 
the sericitized zone if the volumes of the two zones be assumed to be about 
equal. (Actually the respective volumes could be determined only by a 
special study.) The change, however, is not great and is not uniform for all 
veins ; three show actual gains in the argillized zone and one of these shows 
a loss in the sericitized zone. 

At Castle Dome, Ariz. (a “porphyry” copper deposit) the differences in 
Fe content are more striking. Ags shown in Table 1, there is a decrease in Fe 
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in the argillized (clay) zone and an increase in the sericitic zone. Although 
accurate data for the volumes of the respective zones are not available, a rough 
calculation based on widths of the zones as scaled from the map (21, Fig. 4) 
suggests that the total Fe content of the altered zone as a whole could well be 
about the same as that of an equal volume of unaltered porphyry. 

At Chuquicamata, Chile, all of the altered rocks show loss of Fe except 
“Porcelain rock,” which contains 24 percent of pyrite and 104 percent more 
iron than the fresh granodiorite. Lopez (18, p. 700) believes that it is of 
different original composition from the granodiorite. If so, the apparent gain 
in iron through alteration may not be real... An average made by weighting 
each rock type by its area as scaled from Taylor’s (31) map gives an average 
Fe content of 4.12 grams per 100 cc for the altered zone as a whole, as 
compared with 7.37 grams in fresh granodiorite, an apparent loss of 43 percent. 
This computation, of course, has no great quantitative significance because 
(a) there is no assurance that volumes are proportional to areas and (b) no 
estimate is possible of the amount of iron lost, as sulphate or otherwise, during 
supergene processes. 


VALIDITY 


OF SAMPLES 


Any attempt to draw conclusions in individual cases immediately raises the 
question: Are the samples representative? In very few reports are methods 
of sampling described but it is evident that many analyses have been made 
from hand specimens or small samples; rarely have the samples been taken by 
the methods that would be used if the purpose were to determine the metal 
content of a body of rock for mining purposes. 

The samples taken at Butte are well described (25). They were large 
blocks of rock carefully selected and spaced in series across the altered zone, in 
some cases overlapping. This method, rather than chip sampling or channel 
sampling that would be used for ore estimation, can be justified by the fact that 
mineralogical and other studies can be made on the same material. Further- 
more the number of analyses from the Butte district was large. In the 
Yellowknife District (2), samples were chip samples taken across long under- 
ground exposures of fresh rock and apparently across the full widths of 
altered zones. Unfortunately, these methods are exceptional. 

If only a single pair of samples is collected, one from fresh and one from 
altered rock, there is no way of judging whether or not either is representa- 
tive. The possibility of drawing incorrect conclusions from them can be 
indicated by data from Ray, Arizona (24, p. 160) where four analyses of 
schist range in Fe content from 3.04 to 4.68 per cent and five of pyritized 
protore range from 1.80 percent to 3.61 percent. Had any single pair of sam- 


1 For this reason, analysis no. 7 (porcelain rock) has been excluded in making the above 
computation. It occurs in relatively narrow (50 meter) bands (total area not shown) within 
the “flooded zone.” Had its Fe content been assigned to as much as half the flooded zone the 
indicated loss of Fe would still have been 33 percent. 

2 Channel sampling was given a thorough test at Butte but was abandoned as unsatisfactory 
for the purpose because of (1) presence of erratic subsidiary veinlets with their own envelopes 
of alteration, (2) difficulty of making satisfactory measurements of specific gravity on porous 
water-swelling rock when in the form of fragments—Charles Meyer, personal correspondence. 
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ples been compared, the apparent change in Fe content could have ranged 
from a loss of 60 percent of the Fe present in the schist to a gain of 20 percent. 
Comparing the averages (not corrected for density) gives an apparent loss of 
34 percent (i.e., 1.38 units of iron). Ransome finds this loss “rather sur- 
prising” and comments that a large number of assays would be necessary for 
a reliable comparison, concluding only that the pyrite was probably formed 
chiefly from iron previously present in the rock. 

At Butte if only a single pair of samples had been analyzed the results 
might have ranged from a loss of 14 percent of the iron in the fresh wallrock to 
a gain of 30 percent depending on which vein had been chosen. Or if the 
“altered” sample had happened to be in the argillized zone, the extreme change 
might have been an indicated loss of 50 percent. 

Add to this problem the indication already mentioned that in some districts 
part of the altered zone has gained and another part has lost iron and it is 
evident that a single pair of analyses does not record either accurately or 
completely the chemical changes produced by alteration. 

Additional to the errors inherent in inadequate sampling is the geological 
question as to whether the altered material was derived from rock originally 
identical in composition with the fresh rock analyzed. This question is least 
serious in uniform igneous rocks, especially if the fresh sample adjoins the zone 
of alteration. It is more serious if the sample is from some relatively remote 
place, particularly if the rock is sedimentary or in any degree metamorphosed, 
as in the case of a schist or gneiss. Thus although some pairs of analyses may, 
by chance, represent the changes correctly it is probable that most of them 
exaggerate the gain or loss. 

These comments regarding iron apply with equal force to conclusions in 
the literature with respect to other elements, though they are perhaps less 
pertinent to elements present in major amounts than to those present to the 
extent of only a few percent. 

All of these doubts are so grave that one might be justified in throwing out 
as irrelevant a large proportion of the data presented in the accompanying 
tables. They are, however, quite as significant as most data customarily used 
in computing gains and losses for various constituents and the writer believes 
that despite uncertainties regarding the quantitative significance of most of 
the figures, the bulk of information, taken as a whole, is sufficient to justify 
such conclusions as are drawn. 

One reason for presenting the present paper, though, is to call attention to 
the shortcomings in existing data and the need for more reliable methods of 
sampling in many districts if a correct understanding of the chemistry of 
alteration is to be achieved. 

It is especially desirable that wherever the large expense of a chemical 
analysis is incurred, the comparatively simple determination of density be 
made as well, for without it the comparative analyses have limited significance. 


CONCLUSIONS 


Although it is not unusual for iron to be introduced during pyritic altera- 
tion of wallrock, it is more common to find that the iron content of the rock 
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remains approximately constant or is actually reduced. In some cases, iron 
is lost from a part of the altered zone, generally the part nearest the fresh 
rock, and gained in the zone of more intense alteration. As this change 
would not be recognizable from a single pair of analyses, it may be more 
common than is realized. 

As has been generally recognized, hydrothermal alteration of non-carbonate 
rocks is, in many cases, attended by reduction in density of the rock, represent- 
ing a net removal of material; where, instead the density is increased, a gain 
in iron content is usually noted. As has also been generally recognized, ferric 
iron is normally reduced, the few exceptions being in rocks already low in 
ferric iron or else rocks subjected to an unusual type of hematitic alteration. 

No correlation is observed between change in iron content and either the 
genetic classification of the deposit, the metals occurring in the ore, or the 
quantity of iron in the unaltered rock. 

For greater reliability of data regarding change in iron content, as well as 
in other constituents, there is a need for analyses of samples taken by sys- 
tematic methods designed to be truly representative of the fresh and altered 
rocks. Geologists submitting samples for analysis should always specify de- 
termination of bulk density in order that absolute gains and losses may be 
computed. 
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ABSTRACT 


The principal component metals of the sulfides and the similarities of 
chemical bonding and packing geometry of both simple and complex sul- 
fides and sulfo salts are discussed. While individual sulfides and sulfo salts 
may differ in chemical composition, there is sufficient structural resem- 
blance to permit the establishment of a single classification. An attempt 
has been made to relate the descriptive mineralogy (the physical and 
chemical properties) to the new classification and bonding structure. 


COMPONENT METALS 


THE principal component metals of the sulfide minerals are arranged in Table 
1 according to the chemical periodic system. Goldschmidt (22, 23) classified 
most of these elements as chalcophile. (The Group VIII metals are also 
strongly siderophile and iron, chromium and manganese may be lithophile.) 
With the exception of the transition metals (VI, VII, VIII) the noble-metal 
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or 18-electron configuration characterizes the above metals and the low valence 
states are chiefly encountered. In the sulfo salts arsenic, antimony, and bis- 
muth are apt to be cationic, anionic or amphoteric. The rarer metals, shown 
below in parentheses, occur as traces in other sulfides (i.e., gallium, germanium 


TABLE 1 


VIB VIIB IB IIIA | IVA 

(Cr) | Mn | Cut (Ga) (Ge) | 
Mo | (Tc) Ag* : (In) Sn 
(Ww) | (Re) (Au) (TI) Pb* 


*More common. () rare. 


and indium in sphalerite-type mineral structures ; thallium in galena; rhenium 
in molybdenite and sperrylite, etc.). 


CHEMICAL BONDING 


The chemical bonding of the above elements to sulfur (selenium and tel- 
lurium) shows aspects of ionic, covalent and metallic character. To assess 
quantitatively the amount of each in a particular sulfide is impossible in view 
of the paucity of data. In many sulfides the inter-atomic distances are found 
to deviate from strict ionic or metallic types and ionic and electronic conduc- 
tivities have been measured. Tetrahedral and octahedral coordination of the 
metal is most common in the sulfides or some distortion thereof, with minor 
variations of bond length or angle. Bonds between sulfur and the metals of 
Groups I and II are commonly tetrahedral with such exceptions as the dis- 
torted octahedral arrangement of silver in miargyrite, mercury in cinnabar, 
and possibly copper in covellite. Bonds between sulfur and the metals of 
Groups IV and V are less regular due to the presence of an inert electron-pair. 
Trivalent arsenic, antimony and bismuth can form tetrahedral, octahedral and 
frequently hybrid pyramidal bonds at about 100° with sulfur. In the first two 
cases these metals are structurally close to copper and silver, respectively, and 
form related compounds. On the other hand, antimony, arsenic and bismuth 
can form MS,-pyramidal chains, thereby forming the basic structures of many 
prismatic sulfo salts. The bonds between tin or lead and sulfur may also be 
tetrahedral, octahedral or pyramidal, but of more varied length or deformed. 
The substitution of lead for antimony and bismuth is common. The transition 
metals are tetrahedrally or octahedrally coordinated by sulfur, with the excep- 
tion of nickel, palladium and platinum which also prevail in square-coplanar 
configuration. The tetrahedral covalent radii of the sulfide metals from Pau- 
ling (32) are listed in Table 2. Substituting ions appear to differ in size by 
much less than ten percent. For a more complete discussion of four- 
and six-fold coordinated crystals the reader is referred to Goldschmidt (23) 
and Hiller (26). 

Owing to the high polarizability of sulfur (selenium, tellurium, antimony, 
bismuth, etc.) and the high electronic field strengths of the chalcophile metals, 
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the sulfides, while forming localized covalent bonds, exhibit free-electron char- 
acter. So far, the best qualitative expression of the gradation of bond charac- 
ter of the sulfides is found in the polarizabilities and ionization potentials indi- 
cated by Goldschmidt (21) and Ahrens (1, 2). 


TABLE 2 


TETRAHEDRAL COVALENT RapII 


Hg 
1.48 1.47 1.46 1.46 


The long, deformed bonds, close packing and small deviations from the 
ideal stoichiometry of the semi-metallic sulfides result in thermal and elec- 
trical conductivity, metallic luster and opacity. The irregular atomic propor- 
tions or alloy-like ratios of the sulfides may depend upon the total valence 
electron-to-atom ratios, but the comparison to the pure metals is further com- 
plicated by homopolar bond character. The attempt to utilize Brillouin Zone 
theory by Frueh (18) rests on the assumption that the bonding electrons are 
essentially free. According to Goldschmidt (23) the “subsaturated” valency 
states of monovalent copper, divalent iron, trivalent antimony, and quadrivalent- 
tin, -lead and -molybdenum result in the presence of free or less loosely-bonded 
electrons. The reflectivities of sulfides containing these and other metals can 
be correlated with the electrical conductivities. (Refer to the section on 
Physical Properties: Reflectivity, luster, etc.) 

In the mixed-bond types of the sulfides, the character of the bonding is 
not necessarily dependent upon the structural arrangement. For example, 
galena has a sodium-chloride type structure that is distinctly associated with 
ionic crystals, yet some metallic character is manifest in the long bond dis- 
tances, electrical conductivity and metallic luster ; sphalerite and wurtzite form 
tetrahedral bonds with ionic character indicated by the transparent luster and 
high resistivity ; and although pyrite is covalent with semi-metallic properties, 
hauerite (MnS,) having the same structure is a relatively poor conductor. 
Furthermore, the molybdenite and cadmium-iodide layered structures of the 
sulfides with metallic atom-configurations are ionic conductors. Conductivity 
is found to increase with temperature, and polymorphism is often an indication 
of the transition from metallic to ionic bonding. The change of bond-type 
and further atomic rearrangements involve both mobile ions and electrons 
(48). Such transitions are observed in chalcocite (11) and related minerals 
of the type M.S. The resultant application to problems of diffusion in sulfide 
minerals has been discussed by Ross (40). (For individual polymorphs, 
refer to the section on structural inter-relations, thermal disorder. ) 


1.04 
Mn Cu Zn Ga Ge As Se AGEN dee 
1.40 1.35 1.31 1.26 1.22 1.18 1.14 
Ag Cd In Sn Sb Te 
1.53 1.48 1.44 1.40 1.36 1.32 Opes oS 
1.50 
ae 
| 
ve 
an 
js 


VIRGINIA ROSS 


BASIC STRUCTURES 
Close-Packing of Atoms 


The constituent atoms of many sulfides (and sulfo salts), like the native 
metals, are commonly close packed in the cubic face-centered and hexagonal 
manner. Along the directions [111] and [0001], respectively, the first and 
second layers in the cubic and hexagonal cases are identical, but the third layer 
in the former is further translated. In such minerals as sphalerite and wurtzite 
both layering sequences are found. Planar intergrowths or intimate twinning 
in many sulfides can be adduced to the similarity of atomic layering. The 
sulfur atoms are commonly in closest packing and dominate the structure owing 
to their greater size. The metal atoms generally occupy the interstices of the 
sulfur networks. The latter are known to be relatively stable with increasing 
temperature amid disordered metal ions. The number of minor variations of 
structure is unlimited as Group B metals of similar size and chemical nature 
are replaced. Omissions of atoms and addition-solid solutions with resultant 
deviations from stoichiometric formulas are commor among the sulfides, as a 
slight deficiency or excess of atoms does not appear to alter the basic struc- 
ture. E.g., the minerals digenite, bornite and chalcopyrite exhibit the same 
cubic close-packed sulfur lattices with differing metal insertions. The follow- 
ing type-structures are variations of cubic closest packing in the sulfides: anti- 
fluorite (digenite), sphalerite, galena, linnaeite (spinel), and pyrite (if one 
considers the diatomic molecule of sulfur as a unit). Variations of hexagonal 
closest packing are found in the type-structures of niccolite, wurtzite, molyb- 
denite, melonite, chalcocite, stibnite and the ruby silvers. With few excep- 
tions, almost all of the crystal structures of the sulfide and sulfo-salt minerals 
can be related to the type-structures mentioned (even though individual struc- 
ture may be layered or chain-like), thus forming the basis of a new classifica- 
tion. There are approximately a dozen basic structures, from which there 
exist a larger number of derivative forms as a result of atomic substitution, 


additions, and defects such as (omissions) and thermal (polymorphous) 
disorder. 


Structural Inter-Relations 


Substitution Derivatives—The basic structures of the sulfides are few 
owing to the constancy of packing of sulfur and the possible substitution of 
metals of similar size and electronic configuration. In a discussion of deriva- 
tive symmetry, Buerger (8) refers to such minerals as “substitution” struc- 
tures and lists some basic and derived phases. The sulfo salts, which appear 
to be very complex chemically, are commonly “patterned” structurally after 
the simple sulfides. The replacement of a single metal in a simple or basic 
structure may result in distortion or suppression of the symmetry as the 
number of equivalent atoms are reduced in number. Examples of substi- 
tutional derivatives among the sulfides are the following: 
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Complex Substitution 
Simple (Basic) Structure (Derivatives) 


1. Sphalerite—ZnS Chalcopyrite—CuFeS, 
Cubic—F 43m Tetragonal—I42d 
a = 5.400A a= 5.24A 


10.30 A 


The substitution of iron and copper for zinc doubles the translation 
period of the basic cell and yields a glide plane. Similarly, there is stannite 
(Cu2FeSnS,) a sphalerite-type, as well as enargite (CusAsS,) which is pat- 
terned after wurtzite (ZnS). 


Complex Substitution 
Simple (Basic Structure) (Derivatives) 
2. Galena—PbS B-Matildite—AgBiS2 
Cubic—Fm3m Orthorhombic 
a = 5.93A a = 814A 
7.974 


= 5.69A 
Z=4 Z=4 


The structure of 8-matildite is a highly distorted version of the galena- 
type with irregular octahedral coordination of the atoms. 


Complex Substitution 
Simple (Basic Structure) (Derivatives) 


3. Pyrite—FeS, Cobaltite—CoAsS 
Cubic Pa3 Cubic P2;3 
a = 5.405A a = 5.58A 
Z=4 Z=4 


The substitution of arsenic for sulfur in the diatomic pair reduces the 
inversion axis to a polar axis in cobaltite. 


4. Similarly, the substitution of arsenic for sulfur in marcasite produces the 
species of monoclinic arsenopyrite, with doubled a and ¢ axes and loss of the 
symmetry plane (7). In the relatively impure mineral phases of arsenopyrite 
the substitution of cobalt for iron and antimony for arsenic, and extra for- 
mulary atoms results in triclinic symmetry devoid of both screw axis and glide 
plane. 

Defect Structures——Strock (45) classified structures according to the 
degree of departure from the ideal case. A structure may be either “com- 
plete” or “incomplete.” “One group of like-atoms may occupy singly or in 
common with other atoms one set of equivalent positions (simple) ; more than 
one set of the same coordination number (mono-coordinate) or positions of 
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various coordination (poly-coordinate).” The ideal condition where only 
one kind of atom fully occupy one set of positions occurs seldom except at 
temperatures near absolute zero, since heat motion causes the atoms to vibrate 
from their equilibrium positions. 

Among the sulfides “defect” structures appear to be the rule other than 
the exception, owing to the possibilities of interstitial metal substitution and 
thermal motion at relatively low temperatures. Deviations from the ideal 
stoichiometric composition are met as slightly more or less of various metals to 
insure electrical neutrality does not appreciably alter the stability of the sul- 
fide network. 

In mixed crystal sulfides, such as the series, HgS-HgSe (metacinnabar- 
onofrite-tiemannite) ; various spinel- and pyrite-type substituted sulfides as 
well as the complex derivatives of many sulfides there are apt to be random 
distributions of two or more chemically dissimilar atoms over crystallographi- 
cally equivalent sites. Among sulfides and selenides of the type M.S, Rahlfs 
(35) found silver or copper atoms to be statistically arranged among the inter- 
stices. In a single sulfide species cubic- and hexagonal closest packed layers 
of atoms may be irregularly disposed or intimately twinned. 

“Incomplete” Defect Structures—Pyrrhotite (Fe_.S) very early was 
shown to have iron-atom omissions (24), as is also true of the chemically 
related sulfides: (Fe,Ni)S and (Fe,Cr)S. Buerger and Robinson (12) have 
established the structure of Co,S, as a spinel-type (linnaeite) with cobalt-atom 
vacancies. Frueh (19) inferred that stromeyerite is a possible defect struc- 
ture with up to ten percent of the silver atoms missing at random. 

The similar sulfide networks of the sphalerite- and anti-fluorite-types are 
remarkably stable amid the substitutions and omissions found in such minerals 
as tetrahedrite, stannite, and bornite. In digenite as much as 30-40 percent 
of divalent copper is presumed to be in solution at elevated temperatures 
(13, 14). 

The sulfides may be chemically simple or complex (substituted) and struc- 
turally “complete” or “incomplete.” An attempt has been made in the newly 
proposed mineral classification to distinguish between the various types. 

Thermal Disorder.—At elevated temperatures, various chemically-complex 
sulfides may be transformed into simple structural types. On thermal disorder 
of the metal component atoms of the sulfides, a continuous series of poly- 
morphic derivatives are generated. Secondary disordering transformations 
involved in polymorphism in minerals and the crystallographic implications 
have been treated by Buerger (10). Nix and Shockley (30) earlier described 
the parallel situation in the alloy 8-brass. 

Metal atoms, M and M’ in a complex sulfide MM’S,, may become random- 
ized as a result of thermal motion and interchange within a relatively stable 
sulfur network. As metal M becomes indistinguishable from M’ the structure 
becomes hybridized ; higher symmetry is imparted, and ultimately the simple 
or basic structure of phase MS or (M,M’)S is acquired. Examples of low- 
high temperature polymorphs among the sulfides are the following: 
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Derivative Structure Basic Structure 
(Low) Stannite ————— + (High) Stannite (Sphalerite type) 


600° C 
Tetragonal—I42m [Frueh (16) ] Cubic—F 43m 
a= 546A a= 
c = 10.73A 


Derivative Structure Baste Structure 


(Low) 8-Matildite (High) a-Matildite (Galena type) 

Exact tempera- 

AgBiS» 2(Ag, Bi)S 
ture unknown 

Orthorhombic Cubic 

a = 814A a = 5.64A 

b = 7.87A 

c = 669A 


Derivative Structure Basic Structure 


(Low) Chalcopyrite (High) Chalcopyrite (Sphalerite type) 
CuFeS, —" (Cu, Fe)S 
Approx. 55° C 
Tetragonal—I42d Cubic F43m 


[Buerger (10) ] a = 5.40A 


The following polymorphic transformations result from interstitial dis- 
order of the metal atoms: 


Derivative-Superstructures Basic Structure 
(Low) Acanthite ———» (High) Argentite 
B—Ag2S a—Ag2S 
Monoclinic B 2;c Cubic (Face-centered) 
a = 947A 
b = 6.92A 
c = 


= 124° [Ramsdell (38) ] 

Z=8 
Derivative-Super structures Basic Structure 
(Low) Chalcocite (High) Chalcocite 


B—Cu.S a—Cu,S 


Orthorhombic—Abmm Hexagonal—H 6 mc 
m 


a=11.90A a = 3.89A = a/3 


b = 2728A [Buerger, M. J., and (b/8) 
= 13.41A Buerger,N.W. 668A =c/2 
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Analogous transformations are known for most M,S-type structures in 
which the cubic- or hexagonal close-packed sulfur, selenium or tellurium 
network is stable amid interstitially disordered silver and copper atoms (35). 

The a and b axes of bornite are halved by the interstitial disorder of 
copper on heating. 


Derivative-Superstructures Basic Structure 


(Low) Bornite ne C (High) Bornite 
CusFeS, (Cus) FeS,-? 
[Frueh (.7) ] 
Orthorhombic Cubic 
a = 21.94A a = 10.97A 
b = 21.94A 
c = 10.97A 


The superstructure of pyrrhotite of nearly ideal composition, which is never- 
theless a defective structure at low temperatures, is transformed into a niccolite- 
type above 139° C (9). The deformed galena-type structure of hexagonal 
cinnabar inverts on heating to a sphalerite-type. 

In the following polymorphic pairs, major alterations in the bond structures 
are apparent: sphalerite-wurtzite, luzonite-enargite, 8-stannite-a-stannite and 
8-greenockite-a-greenockite. 

High-temperature polymorphic transformations have been found in sulfides 
and sulfo salts containing univalent copper, silver; trivalent-antimony, -bis- 
muth, -arsenic ; divalent lead ; etc., which are capable of bonding differentially. 
It is plausible that simple basic polymorphs may exist at elevated temperatures 
for other complex sulfides containing these metals. The basic high-tempera- 
ture forms of many complex sulfo salt minerals may, in view of present 
evidence, lend themselves to incorporation into the new classification as simple 
derivatives. The structures of the low-temperature forms or superstructures 
may be more complex but are basically related to the simple types. 


STRUCTURAL CLASSIFICATION 


The structural classification of the sulfides (Table 3) is divided into two 
groups on the basis of cubic- or hexagonal-closest packing of the atoms. 
Further subdivision is according to a limited number of basic structures with 
a few miscellaneous structures which are unique. 

A large number of structures, many of which are complex sulfides or sulfo 
salts, are modifications of cubic- or hexagonal-closest packing. Such phases 
may be pseudo-cubic or -hexagonal or may merely exhibit the alternations of 
atom-layer sequences that are characteristic of each kind of packing. Included 
among the latter are the chain structures of pyrargyrite-proustite, stibnite and 
related sulfo salts as well as the layered structures of molybdenite and melonite. 
It is important to point out that in these cases the packing is not necessarily 
the critical theme of the structure but merely serves to emphasize certain 
similarities in the overall bonding structures. The chalcophile metals in 
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general appear in three-, four- and six-fold coordination with sulfur, thereby 
limiting the number and kinds of structural configuration. 

The classification lists, mainly, structures that have been accurately deter- 
mined. From a comparison of chemical, X-ray powder and single crystal 
data, it is apparent that many sulfo salts that have not been listed may be 
structurally related to either galena, sphalerite, or wurtzite while others appear 
to be predominantly chain-like. (Antimony, for example, is known to assume 
tetrahedral, octahedral or pyramidal coordination.) Furthermore, most sulfo 
salts contain one or more of the same metals: copper, silver and lead in addition 
to the Group V component metal. 

It is the expressed opinion of the writer that the new classification of the 
sulfides will be sufficiently flexible to include structures of the sulfo salts that 
will be determined in the future. 

Simple structures are those that contain one metal component. The sub- 
stitution derivatives are referred to as complex structures patterned after the 
basic and simple types but containing two or more metals in more or less 
equivalent positions. Intermediate members of solid solution series are also 
included in the latter, even though the resultant symmetry may be unchanged 
due to statistical distribution of the component atoms. Defect structures are 
considered here to contain either an excess or deficiency of metal or sulfur, 
thereby deviating from the ideal composition. Deformed structures are pat- 
terned after the basic types with minor differences of bond lengths and angles 
and may be either simple or complex chemically. The general scheme of the 
classification is according to decreasing total metal to sulfur ratio. The order 
of increasing sulfur content is in harmony with the present Dana system of 
classification of Palache, Berman and Frondel (31) ; however simple sulfides 
and sulfo salts are combined in the present classification with little or no dis- 
tinction made between component metals. In the subsequent section dealing 
with the mineralogy of the sulfides, the metal to sulfur ratio is cited to be of 
value in the interpretation of some of the chemical and physical properties. 
The crystal-chemical classification proposed by Hiller (27) is similar, but the 
latter is based primarily upon metal-sulfur coordination and dimensional char- 
acter of the structures. 


MINERALOGY 


Physical Properties 


Crystal Morphology—tThe crystallographic systems that are most fre- 
quently encountered among the simple sulfides are: isometric and hexagonal. 
The morphology in essence derives from the cubic- and hexagonal-closest 
packing of sulfur and the high symmetry associated with the distribution of 
a single metal component. In contrast, the sulfo salts are most commonly 
orthorhombic and monoclinic, rendered correspondingly lower in symmetry 
by metallic substitution. (The relative rates of growth and corresponding 
sizes of individual crystal forms depend upon local factors such as concentra- 
tion, surface tension, temperature, etc.) 

Although most sulfides have three dimensional structures, layers and chains 


| 
| 
ng 
| 
Bole 
| 
| 
| 
a5 
‘Ali 


768 VIRGINIA ROSS 


do prevail and influence the morphology of some sulfides; e.g., the prominent 
basal plane (0001) of molybdenite, the prismatic character of stibnite and 
many related sulfo salts, etc. Berry (6) has observed the most common axial 
lengths of the sulfo salts to be approximately 4, 8 and 11 Angstroms. The 
4 and 8 Angstrom axes parallel the elongation direction of many phases. In 
known structures, this direction corresponds to the distances between equiva- 
lent arsenic, antimony or bismuth atoms of the parallel MS,-chain units. 
Further similarities in lattice spacings stem directly from the close packing 
of sulfur and similar chemical bonding. 

Cleavage.—Riley (39) has shown, statistically, that the simple sulfides ex- 
hibit most commonly cubic, hexagonal and orthorhombic cleavages. The sulfo 
salts generally cleave in the orthorhombic or monoclinic manner. Such 
knowledge, of little profound value, is of importance where cleavage tends to 
be a useful property in the identification. The type of cleavage is, of course, 
related to the morphology which, in turn, depends upon the crystal structure 
as discussed in the preceeding section. Cleavage is most commonly associated 
with directional bonding weaknesses between widely spaced planes. These 
correspond to (001) and (0001) in cubic- and hexagonal close-packed struc- 
tures. In crystals such as molybdenite, stibnite, etc., showing pronounced 
basal or pinacoidal cleavages, weak van der Waals bonding between layers 
or chains is responsible. The lack of cleavage in pyrite, i.e., may be directly 
associated with the strength of the S-S bond and the interlocking effect of this 
molecule in the structure. 

Specific Gravity——The specific gravity of the close-packed sulfides of an 
iso-metallic series may be correlated directly with the metal to sulfur ratios. 
This trend is parallel to the general scheme of the classification with the major 
exceptions of the pyrite and marcasite groups, which are very densely-packed 
structures. Within an individual group of structurally similar sulfides, specific 
gravity can be directly related to the atomic weights of the constituent metals. 
The periodic arrangement of the metals provides a convenient reference. 

Hardness.—Hardness depends on the cohesive strength of the ions of which 
the crystal is composed. Some factors influencing strength are size, valence 
and bonding structure of the ions. In this respect ionic- and ionization- 
potentials as well as polarizing power are indicators, but not sole determinants 
of bonding strength, since they fail to take into account the spatial distribution 
of the bonds. The order of bond strength might be approximated from the 
free energies of formation or suitable overlap integrals. 

In general, sulfides of the lighter transition metals form strong ionic bonds 
and exhibit maximum hardness among the sulfides. Sulfides composed of the 
heavier metals, due to greater length and deformation of the bonds, tend to be 
softer. 

Color.—Color is perhaps the most diagnostic property of a mineral, and 
since most sulfides are colored, this property greatly aids identification. The 
color of a mineral is the complement of the light absorbed within the visible 
spectrum, the energy of electrons excited to higher electronic levels. In ob- 
lique illumination color results from the selective absorption and internal 
reflection from powders and grains, cleavages and cracks of polished specimens. 
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It is a function of the incident wave length of light, and qualitative in contrast 
to luster or reflectivity which involves total emission. While small amounts 
of impurities may often strongly affect the color of the transparent halides, 
oxides and silicates, the colors of the major components of the opaque sulfides 
are usually sufficiently intense to be dominant. While there is no unified 
theory regarding color, there are several structural factors that can be corre- 
lated with color in the sulfides. These are, according to the theories of Pitzer 
and Hildebrand (34) : 


. Closely-spaced electronic levels, 
. Unpaired electrons, 

. Deviations from completely full and exactly half-full d-energy levels, 
. Covalent rather than ionic bonding, 

. The presence of two different oxidation states. 


The first three factors are especially significant in the case of the transition 
metals: copper, cobalt, nickel, iron, and manganese, etc. The increase in the 
electronic mobility in the covalent state is accompanied by the introduction of 
different, but closely spaced electrons in levels used to bond the atoms. 
Edwards (personal communication) has correlated the colors of some simple 
sulfides with the degree of covalent character of the bonds determined earlier 
(15). Ahrens (3) has arranged the colors of a few sulfides with respect to 
increasing ionization potentials and covalent character. In the periodic system 
of elements the trend from ionic to covalent bonding is from left to right, from 
metals to sulfur and downward towards increasing atomic number. In Table 
4, the simple sulfides are arranged according to the periodic system of the 
elements and their respective colors are listed. 


TABLE 4 


>Covalent Transition-metals 


IIB 


IIIA IVA VIII 


CuS ZnS Ga2Ss GeS As2Ss FeS NiS (CuS) 
Ionic (dk. (white) (white) (white) (yellow) (pale (pale (indigo 
lead brown) grass blue) 


yellow) 


CdS In2Ss3 SnS Sb2S;3 
(dk. (yellow) (yellow) (brown) (orange- 
black) 


Covatent HgS TIS: PbS BisSs 
(red) (black) (lead (black) 
grey) 


Concerning the colors of the more complex sulfides, there appears to be no 
quantitative expression to explain individual colors, but each bonded metal 
may contribute its characteristic energy states with a combined effect. The 
combined influence of the constituent ions is apparent in the colors of the 
following complex sulfides : 
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Mineral Color Composition 


Bornite bronze CusFeS. 

Tetrahedrite black-brown-red (Copper, silver, iron, antimony, etc.) 
Tennantite brown-red (Copper, silver, iron, arsenic, etc.) 
Ruby Silvers red (Silver, arsenic, antimony) 
Baumhaurite red PbsAseSis 
Livingstonite red HgSb.Sr 


Luster, Reflectivity—In vertically-reflected light, polished specimens of 
the sulfides are highly reflective (high indices of refraction) and with few 
exceptions appear white or gray. Short (44), p. 62, grades the reflectivity 
of the sulfides as follows: 


“Silver (whitest)—galena—argentite—tetrahedrite—sphalerite (darkest).” 


Reflectivity depends on the total surface emission of light and is a characteristic 
metallic property associated with the presence of free electrons. The sulfides 
are characterized by electronic structures having localized covalent bonds with 
partial or limited freedom of the electrons. (Refer to the section on chemical 
bonding.) This character is also responsible for the thermal and electrical 
semi-conductivity and malleability. 

A graphical plot (Fig. 1) of percent reflectivity versus electrical resistivity 
indicates that those sulfides (arsenides, antimonides, tellurides, etc.) which 
are apt to be intermetallic or alloy-like are most reflective. Most sulfides 
exhibit resistivities greater than 0.1 ohm and reflectivities on the order of 
twenty percent. Mean values of the resistivities and reflectivities were ob- 
tained from Harvey (25) and Short (44), respectively. In spite of the fact 
that these measurements were not made on the same specimens, the data serve 
to provide a rough correlation between luster and free-electron character. 


Chemical Properties 


Stability—There are many ways of expressing oxyphilic character of the 
sulfides since stability in the lithosphere is dependent upon the ease of oxida- 
tion or loss of electrons. The order of deposition or replacement by a sulfide 
from aqueous solution is apparent from the standard electrode potentials or 
electromotive force series: 


Hgt? > Agt > Cut > Cu** > As** > Bit? > Sb#* > Pbt? 
> > Cot > Fe > Zn#* > Mn* 


Any metal in solution is precipitated by one lower in the series, explaining the 
supergene enrichment of silver, copper, chalcocite, covellite and galena and 
the early replacement of the minerals sphalerite and pyrite. For the relation- 
ship between pH and oxidation potentials in secondary sulfide deposits see the 
discussion by Scerbena (41) and Garrels (20). The calculated solubilities 
of the sulfides by Verhoogen (47) from electrolytically-determined free ener- 
gies, are the following at 25° C: 


Hg < Cu! < Ag, Cu? < Pb < Fe (pyrite) < Co < Zn < Fe < Mn 
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Ramberg (36) defined the free-energy change of the reaction: 
MgS + MO— MgO + MS 


as a quantitative measure of the oxyphilic nature of a metal, M, using Mg as 
standard reference. The metals are arranged below in order of increasing 
oxy-sulfo potential. 


Ag < Hg < Cu! < Cu? < Cd < Pb < Bi < Co 
< Zn < Fe < Ni <Sb < Mn <Sn 


An examination of the structural classification of the sulfides indicates that 
low oxyphile or high chalcophile potential is manifest in minerals with high 
metal to sulfur ratios. (The need and value of a genetic classification in 
present mineralogical studies are to be highly emphasized. ) 

Paragenesis.—The natural indication is that deposition of the sulfides pro- 
ceeds with continual depletion of sulfur [Bandy (4, 5)]. The most common 
sequences of mineral deposition can be correlated with the metal to sulfur 
ratios within the classification. In a general sense only, is the classification 
genetic, since sulfur- and arsenic-rich phases precede the formation of MS 
sulfides and these are followed by metal-rich phases at lower temperatures. 
While no two deposits are identical chemically, or formed under the same 
physical conditions, the succession of crystallographic structures may be closely 
similar, with the chemical composition of the individual mineral phases in- 
fluenced by mass equilibrium concentrations. Two generalizations can be 
made concerning such deposits : 

1. Sulfur-metal mass equilbria determine the concentrations of sulfur and 
individual metals in the depositional sequence, and the sequence is according 
to decreasing sulfur and increasing metal content. 

2. The lighter metals appear to supersede the heavier metals in the 
sequence of deposition and consequently must exhibit greater affinity for sulfur 
than the latter. 

The validity of these generalizations can and should be checked by appro- 
priate experimental investigations of multi-component metal-sulfide systems. 

A host of theoretical evidence has been presented to account for various 
trends of deposition, but most fail as sole indicators or primary determinants 
when applied to individual cases, as the chemical and physical conditions 
governing deposition vary greatly. Specific gravities, however, must govern 
density separations. Ionic mobilities are evidenced from the melting points 
of the metals (45) or more likely the “characteristic temperatures,” ©, of the 
metals may be controlling factors, but the relation to transport is not clear. 
The order of solubility at 400° C of the sulfides calculated by Verhoogen (47) 
indicates a reverse trend from the natural order of deposition. It further 
appears that alkaline ore fluids according to Schmedeman (42) are insufficient 
as a mode of transport. 

Whether deposits are formed from melts, aqueous or gaseous solutions, or 
complex ions, experimental data on mass equilibrium concentrations and 
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more thermodynamic data at high temperatures (28, 29) are sorely needed 
for the sulfides and sulfo salts. 


Howarp FounDATION FELLow, 1955, 
DEPARTMENT OF CHEMISTRY, 
Brown UNIVERSITY, 
ProvipEenceE, R. L., 
April 30, 1957 
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GEOLOGY OF THE DAKOTA FORMATION URANINITE 
DEPOSIT NEAR MORRISON, COLORADO 


E. H. GOLDSTEIN 


ABSTRACT 


Several significant uranium discoveries have been made since 1953 
along the front range of Colorado. Uranium ore has been found both in 
Precambrian rocks and sedimentary rocks. The Precambrian rocks con- 
sist of metasediments and intrusive batholithic granites. The sediments 
range from Pennsylvanian to Tertiary in age. Uranium ore is found in 
the upper (Muddy) sandstone member of the Dakota formation in close 
association with asphalt, pyrite, and ilsmenite (molybdenum oxide) and is 
controlled by a west dipping strike-slip fault. The ore body occupies a 
position adjacent to and in the footwall side of the fault, and traces of 
uranium are found on the hanging wall side. Uranium is also found in 
the lower sandy portion of the Dakota shale. 

The uraninite is believed to be a primary ore of hydrothermal origin. 
It is further suggested that uranium-bearing hydrothermal solutions origi- 
nated in the Precambrian complex and migrated eastward along the Golden 
thrust fault. The Golden thrust fault, which underlies the area, therefore 
served as a conduit for the solutions. The solutions then migrated into 
minor shear zones that intersect the main Golden thrust fault, and where 
these minor faults traversed permeable sandstone, the solutions impreg- 
nated the sandstone. Uranium was then precipitated from the hydro- 
thermal solutions when favorable conditions for deposition, such as asphal- 
tum, were encountered. 


INTRODUCTION 


Few uranium occurrences were known in the Colorado front range prior to 
1953. Most of these were in the Central City area. This area has many 
old mines that were extensively mined for gold, silver, copper, lead, and zinc 
during and prior to World War I and mined intermittently to the present 
time. The United States Geological Survey studied the area for uranium 
minerals between 1951 and 1953, and the results of their findings are published 
in Geological Survey Bulletin 1032—A. 

With limited exploration several mineable uranium deposits have been 
found both in sedimentary and Precambrian crystalline rocks along the eastern 
fringe of the mountain front. These discoveries have been made since 1953. 

The purpose of this report is to describe the occurrence and propose a 
possible hypothesis for the origin of the uranium ore that is found in the 
Dakota formation near Morrison, Colorado. 


LOCATION AND GENERAL GEOLOGY 


The Mann mine from which the following information was gathered lies 
along the Foothills monocline in sec. 12, T. 5 S., R. 70 W., Jefferson County, 
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Colorado (Figs. 1, 2), about 10 miles southwest of Denver and 7 miles south 
of Golden, Colorado. Geologic features similar to those at the Mann mine 
exist along the foothills belt from the Wyoming state line to the region of 
Canon City, Colorado, a distance of about 180 miles. 

A fairly complete sedimentary section ranging from Pennsylvanian to 
Tertiary in age is exposed along the portion of the foothills belt from near 
Castle Rock to the Wyoming border. These sediments strike generally north- 
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west-southeast paralleling and forming the eastern fringe of the Colorado front 
range and the western margin of the Denver-Julesburg sedimentary basin. 
Underlying the Pennsylvanian (Fountain formation) and outcropping about 
3 miles west of the Mann mine is the Precambrian complex. The Precambrian 
rocks include a thick series of metasediments, namely, the Idaho Springs and 
Swandyke formations. Also included in the Precambrian complex are in- 
trusive batholithic granites. 

Stratigraphy.—Below is a generalized stratigraphic section. The Dakota 
formation will be more fully described due to its particular interest in this 
report. 
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Age Formation Lithology and thickness (feet) 


Tertiary Denver-Arapahoe Mudstones, fine-grained sandstone—650 

Cretaceous Laramie Fine to medium-grained sandstone and mud- 
stones, lignitic coal—630 

Cretaceous Fox Hills Tan sandstones and shales—100 

Cretaceous Pierre Gray shale and sandy mudstone, locally thin 
sandstone beds—6,000 

Cretaceous Niobrara Upper part calcareous shale, lower part thin- 
bedded limestone—450 

Cretaceous Benton Predominantly dark bentonitic shales and some 
limestone—450 

Cretaceous Dakota (See detailed description below) 

Jurassic Morrison Gray sandstone, pink and maroon shales—350 

Jurassic Ralston Sandstone, mudstone, some gypsum—SO 

Triassic Lykins Red shales, some limestone—400 

Permian Lyons Medium-grained, cross-bedded pink to red sand- 
stone—300 

Pennsylvanian Fountain Red arkosic sandstone and conglomerates—1,650 

Precambrian Granite, quartzite and meta-sediments 


Dakota Formation 


The Dakota formation in which all the presently known uranium on the 
Mann property has been found is about 320 feet thick and for description 
purposes is best divided into three members of approximately equal thickness. 

Lower Dakota Sandstone (also referred to as Dakota sandstone).—This 
member overlies the Morrison formation and consists of 100 feet of massive 
light-brown and tan to cream colored medium-grained sandstone, and contains 
small concretions of iron oxide and specks of limonite. 

Dakota Shale (also referred to as Skull Creek shale).—This middle mem- 
ber is about 140 feet thick, and the lowest 40 feet consist of alternating beds 
of conspicuously banded shale and beds of carbonaceous material separated by 
sandstone layers. This lower 40 feet also contains asphaltic material in frac- 
tures within the sandstone beds, and along the bedding planes. Uraninite is 
found in close association with this asphaltic material. 

The upper 100 feet of this member consists of dark carbonaceous shale 
and a few beds of sandy shale, and weathers more easily than the sandstones 
above and below. 

Upper Dakota Sandstone (also referred to as the Muddy sandstone).— 
The upper member of the Dakota formation, which is about 80 feet thick, is 
of most importance, because in this member mineral concentrations of uranium 
ore have been discovered. The “Muddy member” is a light to dark gray 
medium-grained sandstone, and the contact between this member and the 
underlying Dakota shale is quite distinct, both on the outcrop and underground. 
Asphaltic material is found along bedding planes. Carbonized wood and other 
vegetative trash are also seen within this member. Cross-bedding in this 
sandstone can sometimes be mistaken for true bedding. 

Structure.—The sediments strike N. 40° W. and dip 25° NE. The 
Dakota hogback is the most prominent topographic feature in the area, and 
the upper Dakota sandstone forms the caprock of the escarpment. 

The most prominent structural features of the region are the Foothills 
monocline and the Golden Thrust fault. The Golden Thrust fault can be traced 
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SECTIONS SHOWING DEVELOPMENT OF THE FOOTHILLS MONOCLINE, GOLDEN 
THRUST FAULT AND SUBSEQUENT MINERALIZATION 
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FIG. LARAMIDE REVOLUTION FURTHER DEVELOPED, COMPRESSIONAL FORCES BEGIN THE GOLDEN THRUST FAULT 


SEE BELOW. 
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FIG C AFTER SUBSEQUENT PERIODS OF REJUVINATION, SUBSIDIARY FAULTING 


. EROSION AND INJECTION OF MINERAL BEARING SOLUTIONS 


THROUGH TURKEY CREEK 
ARE ABOUT FOUR MILES LONG 
OF FIGURE 4 1S AS SHOWN 


FIG. d RISING URANIUM BEARING HYDROTHERMAL SOLUTIONS BEING CARRIED INTO 
SANDSTONE BY DOWN-DIP MOVING GROUNDWATER 
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from a mile south of the Boulder County-Jefferson County border in sec. 28, 


T. 2 S., R. 70 W., southward to the vicinity of Deer Creek. The fault trace 


on the surface roughly parallels the outcrop of the Pierre shale 


and Fox Hills 


formations. The omission of Permian, Triassic, and Jurassic sediments west 


of Golden are due to this fault. 


Local faulting is found at the Mann mine. These faults are primarily 


strike-slip faults, and the fault planes dip 50° W. Where vertical displace- 
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ment is discernible, the west fault block is downthrown 3 to 5 feet. One of 
these faults is called the “Damming” fault and has been exposed in many places 
in the underground workings (Fig. 4). 

One very prominent set of joints and fractures is found along the Dakota 
formation outcrop. These fractures strike east-west and dip 60° to the south. 

An examination of Figure 2 will reveal a curvature of formational outcrops 
which results from a slight change in the strike of the sediments. A small 
fold is present in the Fountain formation west of the curvature which results 
in an increased outcrop width of the Fountain formation. It is inferred that 
this fold in the Fountain formation is the cause of the curvature of the younger 
sediments. A further inference is that the previously described strike slip 
Damming fault is a direct result of the curvature. The fault developed because 
the sediments on the eastern fringe of the curvature, principally the Dakota 
sandstones which are the most competent of these beds, sheared resulting in 
horizontal displacement in order to compensate for the differential stress. 


EXPLORATION AND MINERAL OCCURRENCE 


The first exploration conducted on this property consisted of driving a 50- 
foot tunnel in the lower sandy portion of the Dakota shale. This tunnel en- 
countered uraninite, but not in sufficient quantity to be commercial. Further 
exploration consisted of drilling on the dip slope side of the hogback, which 
resulted in the discovery of uraninite ore in the lower portion of the upper 
Dakota sandstone (Fig. 4). The uraninite both in the upper Dakota sand- 
stone and the sandy portion of the Dakota shale is found in close association 
with pyrite, asphalt, and ilsmenite, a molybdenum oxide mineral. 

The uraninite fills interstitial spaces in the sandstone, but near the margins 
of the ore body the mineral is observed along fractures that are closely related 
to the faulting. ' Ilsmenite in many places is found around the uraninite and 
is visually indistinguishable from the uraninite. 

The ore zone lies on the footwall side and adjacent to the Damming fault. 
At the upper (Muddy) sandstone-Dakota (Skull Creek) shale contact, the 
ore extends downdip from the fault plane from 10 to 30 feet. This dimension 
and the ore grade both decrease upwards along the fault plane. The ore body 
in cross section therefore appears “wedge” shaped. The ore has been found 
for 250 feet along the fault wherever the fault has been exposed, and the ore 
grade as obtained from mill settlement sheets averages 0.30% U,O,. 


ORE GENESIS 


Several theories have been expressed concerning the origin of the uranium 
in the Dakota formation in this area. 

One hypothesis is that the uraninite is a secondary deposit, the uranium 
having been carried in solution from known primary uranium deposits in the 
Precambrian rocks and redeposited in its present location by circulating ground 
water. 

Although the writer cannot disprove this hypothesis, evidence is available 
that indicates the uranium is of primary origin and was precipitated from 
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ascending hydrothermal solutions. The reasons for this belief are known facts 
about the regional geology and the ore body in particular. 

1. The ore is found along and appears to be controlled by the Damming 
fault. 

2. Ore has been found to date only on the footwall side of the fault. 
Uranium traces have been found on the hanging wall side. 

3. The ore is found in a permeable sandstone overlying an impermeable 
shale, and the greatest distance that ore is found from the fault is along the 
shale-sandstone contact. 

4. The distance ore extends downdip from the fault and the ore concentra- 
tion both decrease upwards along the fault plane. 

These four facts indicate the uranium rose along the fault plane. The 
media carrying uranium in solution rose along the fault plane, passed through 
the Dakota shale, and invaded permeable zones within the upper Dakota 
(Muddy) sandstone. The impermeable Dakota shale did not absorb any of 
the media. The sandstone directly above the shale contact was the first to 
be invaded ; hence the greatest concentration of fluid and consequently uranium 
at this point. 

Inductive reasoning leads to the choice of hydrothermal solutions as the 
fluid medium to carry the uranium. The somewhat unusual occurrence of 
the uranium ore occupying only the footwall side of the fault could possibly 
be explained by using hydrothermal solutions as the fluid media. If rising 
hydrothermal solutions along the fault plane encountered downdip percolating 
ground water in the upper Dakota sandstone, it would be expected that the 
hydrothernial solutions would be rapidly cooled and carried into the footwall 
side of the fault. The cooling of the hydrothermal solutions could be one of 
the factors that caused the precipitation of uranium (Fig. 3 d). 

It is generally accepted that uranium has a close affinity to carbon or 
hydrocarbon compounds such as coal, crude oil, asphaltum, bones, or trees. 
Uranium is often found in close association with these materials, and it has 
been suggested that these materials will cause the precipitation of uranium 
from solution. It is then possible that the asphalt in the Dakota formation and 
not the cooling factor previously mentioned caused the precipitation of the 
uranium, and the only purpose served by the downdip percolating ground 
water was to move the hydrothermal solutions into the footwall side of the 
fault. 

A third hypothesis completely eliminates the necessity for downdip perco- 
lating ground water. Oil accumulations are quite commonly found in fault 
traps. Oil will generally migrate updip through permeable sandstones until 
its progress is impeded by a permeability barrier. This barrier could manifest 
itself as a fault across which is an impermeable stratum, or the fault gouge 
zone itself may be impermeable. If the Damming fault served as a trap for 
petroleum accumulation, and the more volatile constituents of the crude oil 
escaped leaving an asphaltic residue, and subsequent uranium-bearing hydro- 
thermal solutions rose along the fault plane, the asphalt could have caused the 
precipitation of the uranium resulting in a concentration of ore at the point of 
greatest asphalt concentration. 
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The three preceding hypotheses are based on the inference that the urani- 
nite is of a primary origin and was deposited in its present location by ascend- 
ing hydrothermal solutions. The next problem is the origin of the solutions 
and how they got into the Damming fault. It is possible that uranium-bearing 
hydrothermal solutions from the same source as the solutions that invaded the 
shear zones in the Precambrian resulting in primary uranium deposits there, 
migrated eastward along the Golden thrust fault that underlies the area. It 
is also possible that minor shear zones such as the Damming fault intersect 
the Golden thrust fault and the solutions also migrated into these minor shear 
zones (Fig. 3c). 

Other facts should be considered carefully. It has not yet been concluded 
whether the asphalt in the Dakota formation is an “in situ” deposit or migrated 
therein. Hydrocarbons are found in the Dakota formation in the Denver- 
Julesburg Basin, of which this front range hogback forms the western margin. 
Evidence on the Mann lease, however, seems to indicate that the asphalt 
migrated into and is still migrating in the upper Dakota sandstone. The first 
indication is the pronounced oil seep or asphalt pit on the dip slope of the 
hogback along the property line of the Mann lease (Fig. 2). During the 
summer months asphalt flows down the wall of the seep. This in itself is not 
conclusive, but the second fact is more convincing. A point in the under- 
ground workings intersected the Damming fault about 8 feet above the upper 
sandstone shale contact. Within 24 hours after the fault was exposed, asphalt 
could be seen emerging from the fault plane and flowing down the rib of the 
tunnel. 

This asphalt could have its source in some deeper, more obscure oil trap. 
The underthrust sheet where the sediments are truncated by the Golden thrust 
fault could constitute that trap (Fig. 3c). If this is the case, the oil seep in 
the Precambrian west of Golden and the oil seep 3 miles northwest of Morrison 
could be explained by oil escaping from the trap and migrating upwards along 
fractures in the Precambrian to the surface. Oil from the same source could 
also migrate eastward along the Golden thrust fault into the Damming and 
other minor faults and then find its way to the surface. The asphalt pit on 
the dip slope of the hogback could be a result of such migration. 

If asphalt migrated into the Dakota formation through the same channel- 
ways as the hydrothermal solutions either prior to or simultaneous with the 
hydrothermal solutions, and if the asphalt contributed to the precipitation of 
uranium from solution, it is then possible that every permeable sandstone that 
was traversed by the Damming fault could be mineralized. 

The United States Geological Survey in 1951 and 1952 analyzed many 
samples of crude oil, asphalt, and petroliferous rock for uranium and other 
minor element content. The samples were gathered from 8 states and 3 
foreign countries. Erickson, Myers, and Horr (6) state in their report: 


The ash of 27 samples of petroleum extracted from oil-saturated sandstone was 
analyzed for minor elements. The petroleum was removed from the host rock by 
extraction with benzene in a Soxhlet extractor and filtered. The oil was then 
ashed according to the procedure employed for crude oil. 

The uranium content of these samples ranges from 0.001 to 0.48 per cent in the 
ash and from 0.05 to 67 ppm. in the extracted oil (Table III). This represents 


# cal 
| 
ge | 
| 
aon 
j 
ats 
at 
it 
4 


784 E. H. GOLDSTEIN 


a concentration of 25 to 33,500 times that in sea water. Some of the samples 
were surprisingly high in uranium content. The ash of two samples of heavy oil 
from the asphalt pit in the Dakota sandstone at Morrison, Colorado, one sample 
from the oil seep at Red Rocks Theater, and two samples from an oil seep in 
Golden Gate Canyon just west of Denver, Colorado, contain 0.096-0.48 per cent 
uranium. 


It is of interest to note that subsequent to this work commercial uranium 
discoveries have been made at or in close proximity to two of the three localities 
specifically mentioned. The first locality is the oil seep as shown on Figure 2, 
and the uranium deposit is the one herein described. 


CONCLUSION 


The Colorado front range foothills belt is an area that offers all the known 
favorable criteria for locating uranium concentrations. The area can be ex- 
plored for Precambrian primary deposits, as well as primary and secondary 
deposits in sedimentary rocks. Uranium ore deposits will be more difficult 
to locate in this area than in other uranium-producing areas, but when found 
they have the potential of good grade and large tonnage. 

The deposits presently being mined indicate the potential of the front range 
foothills belt as an important source of uranium ore. Structural control ap- 
pears of utmost importance in the ore bodies already located, which will prob- 
ably remain true of subsequent discoveries. Prospecting for uranium in this 
area, therefore, should proceed in a different manner than is presently being 
done in other areas. Structural features should be mapped carefully regard- 
less of their questionable imporiance. Reference is made to the Damming 
fault, which on the outcrop appears to be nothing more than fracturing and 
jointing. Such structural features should be prospected carefully with radia- 
tion detection equipment, and if an anomaly is found, regardless of size, ex- 
ploration should follow. When prospecting in the sediments, permeability and 
carbon or hydrocarbon content of the beds should be kept in mind as being 
favorable for uranium occurrences. 

The Daketa formation uranium deposit near Morrison, Colorado, should 
not be the only such occurrence in the foothills belt, and following the above 
outlined procedure should result in similar uranium discoveries. 
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THE HEAVY METAL CONTENT OF MAGMATIC 
VAPOR AT 600° C 


KONRAD B. KRAUSKOPF 


ABSTRACT 


In order to test the feasibility of hypotheses of vapor transport as ex- 
planations of ore deposition, an attempt is made to calculate the composi- 
tion of a vapor phase in equilibrium with a cooling intrusive at 600° C. 
The proportions of the major constituents are estimated from Shepherd’s 
analyses of gases obtained by heating igneous rocks, from Rubey’s calcula- 
tions of the total amount of volatile material given off by the earth, and 
from requirements of thermodynamic equilibrium with the minerals of in- 
trusive contacts. Concentrations of volatile metals and metallic com- 
pounds in the vapor are calculated from thermodynamic data, assuming that 
the vapor is saturated with each metal and that equilibrium is maintained 
with the common metallic minerals found in contact-metamorphic zones 
and high-temperature vein and replacement deposits. For most metals the 
chlorides are the most abundant compounds in the vapor, but volatilities 
of the chlorides differ from simple vapor pressures because of equilibrium 
requirements. 

Neither sulfides, oxides nor native metals would have sufficient con- 
centrations in the vapor to play a significant role in ore deposition. The 
lack of correlation between melting points of metals, their vapor pressures, 
and their maximum possible amounts in the vapor is proof that metallic 
melting points cannot be correlated with “mobilization” of the metals. 

Many common metals are present in magmatic vapor at 600° in suffi- 
cient quantity to account for the formation of ore deposits. Differences in 
calculated volatilities provide a good explanation for the restriction of 
mercury and antimony to low-temperature deposits, and for the appearance 
of lead later than zinc in zonal and paragenetic sequences. Nevertheless, 
simple vapor transport cannot be a complete explanation for the origin of 
ore deposits. Outstanding difficulties are the very low volatilities of 
copper, silver, and gold, and the fact that manganese has a lower volatility 
than lead. 


INTRODUCTION 


THE manifest inadequacies of the hydrothermal hypothesis of ore deposition 
have led several authors in recent years to revive the idea of vapor transport 
as an alternative. Metals are thought to be present in a vapor as chlorides 
by Walker and Walker (28, p. 64), as sulfides by Brown (5, p. 29), as the 
vaporized metal by Sullivan (27, p. 12); or their compounds are thought to 
be “dissolved” in a highly compressed vapor just as they would be dissolved 
in a liquid of similar density [Morey (20), Morey and Hesselgesser (21)]. A 
critical review of these ideas and others has been presented by Edwards (6). 
The geologic arguments in the liquid-versus-vapor debate are too well known 
to need attention here, but the chemical implications merit discussion. In 
particular, the adequacy of the various proposed vapor-transport hypotheses 
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can be examined by means of high-temperature thermal data for the postulated 
volatile substances. 

For this purpose an attempt will be made to reconstruct the kind of vapor 
that might reasonably be expected to exist in contact with a solid or nearly 
solid intrusive rock that has formed by the cooling of a melt to 600° C. Any 
ore-forming fluid derived from an igneous melt or ascending to the surface 
from deep within the earth must have been at this temperature at some time 
in its history, and the metals that it ultimately deposited must have been present 
either as dissolved or volatile material or both. By exploring the possibilities 
of volatile transport at this temperature we should be able at least to test the 
feasibility of the different proposals for making vapors the chief agents of ore 
deposition. 

In such an attempted reconstruction the temperature 600° has this advan- 
tage: it is approximately the temperature of the last stage in crystalization of 
the main part of a granite body, and at the same time the temperature of 
formation of high-temperature contact-metamorphic zones and high-tempera- 
ture vein and replacement deposits. This means that any vapor present can 
be considered approximately in chemical equilibrium with the well-known 
minerals found in such environments, and these minerals can therefore be used 
to set limits on the composition of the vapor. The second major source of 
information as to the composition of such a vapor is analyses of gases from 
heated igneous rocks, together with estimates of the total quantity of volatiles 
escaping from the earth. Admittedly a composition so derived can be little 
more than a hopeful guess, but it turns out that the limitations imposed by 
data from these two sources are surprisingly rigid. 

Within these geologic limitations, chemical data on enthalpies, entropies 
and free energies make possible a detailed calculation of the kinds of gases 
present, including the possible volatile compounds of the ore metals. The 
chemical data have been obtained from standard sources (references 9, 10, 


11, 17, 18, 22 


ASSUMPTIONS 


There is no absolute certainty, of course, that cooling magma will produce 
any vapor at all. A magma can be imagined in which the volatiles are so 
deficient that they are entirely taken up in forming micas, amphiboles, and 
deuteric minerals. If an aqueous fluid does persist to temperatures as low as 
600°, it may contain enough dissolved material so that its critical point is not 
exceeded and the pressure may be high enough to keep a vapor from sepa- 
rating, so that the fluid remains a liquid at all times. From available informa- 
tion about pressures and the quantity of volatiles in magmas, however, it seems 
likely that vapor will appear sometime during the cooling of most large igneous 
bodies, either as a supercritical fluid or as vapor boiled out of a liquid below its 
critical temperature. The assumption does not seem extreme that a gas phase 
is sufficiently important in igneous processes to be worth detailed investigation. 

A second necessary assumption is at least approximate maintenance of 
chemical equilibrium. In favor of the assumption is the high temperature, 
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which should serve to make all chemical reactions rapid. Against the assump- 
tion is the fact that many of the reactions to be considered require intimate 
contact between gases and solids, and the further fact that the system is open 
rather than closed because volatiles are moving out from the intrusive. Our 
knowledge of the mechanical processes taking place at an igneous contact is so 
rudimentary that the validity of this assumption can only be guessed. The 
only possible procedure is to use the assumption and see if the results are in 
accord with observation. 

A third assumption is intrusion of the magma (or ascent of volatiles from 
below) into levels of the crust on the order of a few kilometers below the sur- 
face. Such levels seem reasonable for ore deposition on general geologic 
grounds (see, for example, Lindgren 19, p. 641, 711). The volatiles, then, 
will be under pressures greater than 100 atmospheres and less than 10,000 
atmospheres (4) ; the calculations will be made for an assumed average pres- 
sure of about 1,000 atmospheres. 

A fourth assumption is the lack of serious interaction between water mole- 
cules and solids in contact with the vapor. If water is considered the dominant 
volatile, then at 1,000 atmospheres the water molecules are not much farther 
apart than in liquid water (density 0.37 g/cc; 14) ; this means that the gaseous 
(or supercritical) water should be capable of acting as a sol ent for some 
substances (12, 21). The magnitude of this effect cannot be evaluated, but 
presumably it would not affect volatilities. In other words, a calculation of 
simple volatilities should give minimum figures for the amounts of substances 
present in the vapor phase; if the highly compressed water vapor exerts a 
solvent action on some materials, the amounts dissolved should be in addition 
to the amounts that would be present as a result of vaporization alone. 

A fifth assumption (or better, series of assumptions) is necessary regarding 
extrapolation of the chemical data. Volatilities for some of the substances 
to be considered have been measured in temperature ranges that do not include 
600°, and the resulting formulas must be extrapolated sometimes as much 
as 300°. Actual measurements of free energies, enthalpies and entropies are 
similarly limited and require similar extrapolations. This means that some 
of the numbers may be wrong, even by as much as a factor of ten. Yet the 
general order of magnitude should be right, and it seems at least worth in- 
vestigating just how far the presently available data can be stretched. 

A final assumption is needed regarding the minimum concentration of metal 
in a vapor that would be significant for ore deposition. Clearly if the vapor 
of a metal or metal compound exerts a pressure as high as one atmosphere, 
ample metal would be available for the creation of a large ore deposit; just as 
clearly, a pressure of 10-*° atmosphere would provide too little metal with any 
conceivable quantity of vapor. The difficulty is to select some pressure be- 
tween these obvious extremes that will serve to separate significant concentra- 
tions from those too small to be of interest. A figure of 10°’ atmosphere can 
be roughly justified as follows: A safe maximum for the amount of water 
(liquid) that can be reasonably expected to be involved in the formation of 
an ore deposit is 1,000 km* (10 times the volume of water in San Francisco 
Bay ; the total amount that would be released by a batholith measuring 100 x 
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10 x 10 km if it contained initially 4% H,O). To form an ore deposit con- 
taining 1,000 tons of metal from this much solution would require a concen- 
tration of 1 ton/km* or 10°/10** g/1 or 10°° g/l. Now water vapor at 600° C 
and 1,000 atmospheres has a density roughly % that of liquid water, so in 
the vapor the concentration of metal would be 44 x 10°° g/l. If the atomic 
weight of the metal is taken as 100, which is a reasonable average for the metals 
to be considered, this amounts to 4% X 10° mole/1 for any compound con- 
taining one metal atom per molecule. Now at 600°, according to the gas 
laws, a mole of gas at 1 atmosphere should occupy 873/273 x 22.4 liters, or 
roughly 70 liters; hence a gas whose concentration is 4% X 10° mole/liter 
must exert a pressure of 70 X 44 X 10° or 2 X 10° atmosphere. Thus any 
metal whose volatility is less than 10-7 atmosphere at 600° would be present 
in such a small concentration that it could play no role in the formation of an 
ore deposit. 


CONCENTRATIONS OF NONMETALLIC VOLATILES 


Before considering the velatilies of the metals and their compounds, we 
need as accurate a picture as possible of the overall composition of the vapor. 
The metals in any event will be only minor constituents of the vapor, and the 
form in which they occur will be partly determined by the nature of the major 
constituents. 


TABLE 1 


ANALYSES OF GASES AND “Excess VOLATILES” 


Recalculated from Rubey’s (1951) Table 5, page 1136. 
atm. All pressures in atmospheres. 


Water-vapor pressure assumed 1,000 


Volcanic 
gases from 
Kilauea and 
Mauna Loa 


Gases from 
heated dia- 
base and 
basalt 


Gases from 
obsidian, 
andesite 

and granite 


Gases from 
fumaroles 
and 
geysers 


Excess 
volatiles 


Average 
of columns 
2,3 and 5 


C as CO: 167 99 27 0.2 22 49 
Clas HCl 1 12 11 0.6 5 9 
F as HF — 91 50 0.6 tr. 47 
S as H:S 124 26 4 0.2 0.8 10 
N as No 64 24 13 0.3 2 13 


Analyses of Gases—A rough idea of the distribution of major constituents 
can be obtained from analyses of gases that presumably have some resemblance 


to magmatic gases at an intrusive contact. Such analytical data have been 
assembled by Rubey (23), and his averages are given in Table 1. Rubey’s 
figures have been recalculated to volume percentages, which are proportional 
to partial pressures, and then other pressures are calculated with respect to 
an arbitrary figure for water vapor pressure, 1,000 atm. The first column 
is derived from Shepherd’s analyses of volcanic gases from Hawaii; the second 
and third columns are from Shepherd’s (25) analyses of gases obtained by 
heating igneous rocks; the fourth column is obtained from the data of Allen 
and Zies (3) and Allen and Day (1, 2) on fumarole gases at Katmai, in Cali- 
fornia and in Wyoming; and the fifth column is Rubey’s estimate of the 
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average composition of volatile materials that have come to the surface from 
the earth’s interior during geologic time. How close any of these figures are 
to the composition of magmatic gases is an open question. The fourth column 
is suspect because of admixture with meteoric water, and the first column 
should probably be discounted because sulfur-rich and chlorine-rich gases 
may be separated in volcanic eruptions (16). Averages of the second, third 
and fifth columns are shown in the final column of the table. 

Equilibrium Requirements.—The particular compounds in which the ele- 
ments of Table 1 will find themselves can be guessed from various equilibrium 
reactions involving the vapor and minerals known to be present in intrusive 
rocks and their contact-metamorphic aureoles. Of course intrusives differ 
among themselves in composition and in the character of their aureoles, and 
presumably the associated vapors would differ also, but the commonly oc- 
curring assemblage of minerals is sufficiently uniform to permit calculating 
the composition of a sort of “standard” equilibrium vapor from which minor 
deviations are to be expected. 

The amount of sulfur in the form of H,S, for example, may be estimated 
from the observation that many high-temperature deposits and contact zones 
contain both pyrrhotite and ferrous silicates like diopside and hedenbergite. 
The necessary calculation, which is typical of many to be used in the subse- 
quent discussion, will be given in detail to serve as a model for others. 

We assume first that ferrous silicates can be represented in thermal com- 
putations by the compound Fe,SiO,, the only iron silicate for which complete 
thermodynamic data are available. The assumption is reasonable because 
heat effects in mixing silicates are generally small in comparison with heats of 
formation from the elements. Hence the reaction showing equilibrium with 
pyrrhotite may be written 


Fe,SiO, + 2H.S(g) = 2FeS + 2H.O(g) + SiO>. Eq. 1 


The symbol (g) indicates that H,S and H,O are gases; other substances in 
the equilibrium are solids. 

The first step in the calculation is to find the free energy change for Eq. 1 
at 600°. Two kinds of data may be used for this purpose. One may com- 
bine the free energy equations given by Kubaschewski and Evans (17, p. 
305-309), or one may calculate enthalpies and entropies for the separate 
substances from the data of Kelley (11) combined with the data of Latimer 
(18). These two methods of calculation are illustrated in the following 
paragraphs. 

Kubaschewski and Evans give the following equations showing change of 
free energy with temperature : 


a) 2FeO + SiO, = FeSiO,; AF = —12,240 + 4.9T, 

b) 2Fe + O, = 2FeO; AF = —124,100 + 29.90T, 

c) 2H: +O. = 2H,0; AF = —114,500 + 8.96TlogT — 4.42T, 
d) 2H: + S2(g) = 2H2S; AF = —40,210 + 7.25TlogT — 1.21T, 
e) 2Fe + 2S(rh) = 2FeS; AF = —45,800 — 10.70T. 
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One other equation is needed showing the change from rhombic to gaseous 
sulfur ; this is obtained from Kelley (10, p. 6) : 


f) 2S(rh) = S.(g); AF = 31,360 — 1.36TlogT — 38.62T + 0.0058T?. 


The free energy for Eq. 1 may be obtained by combining these equations as 
follows: 


(c) — (b) — (a) — (d) + (e) — (f). 
The resulting free energy equation is 
AF = —10,710 — 10.09T + 3.07TlogT — 0.0058T*. 
At 600° C (T = 873°K) this gives AF = —16.05 kcal. 

To use the second method of estimating free energy, one finds by inter- 
polation from Kelley’s tables (11, p. 91) that the enthalpy of Fe,SiO, changes 
by 23.7 kcal between 25° and 600°, and that the entropy changes by 42.9 cal. 
From Latimer (18, p. 222), the enthalpy at 25° is —343.7 kcal and the 
entropy is 35.4 cal; hence the enthalpy and entropy at 600° are 

AH = —343.7 + 23.7 = —320.0 kcal, 
S = 35.4 + 42.9 = 78.3 cal. 
Enthalpies and entropies for the other four compounds in Eq. 1 are found 


similarly. Combining them gives the enthalpy and entropy change for the 
reaction at 600° : 


SiOz 2H:0 2FeS Fe2SiO, 2H2S reaction 


AH = —196,54 — 105.62 — 27.12 + 320.0— 0.95 = —10.2 kcal 
AS = 25.7 + 108.6 + 68.0 — 78.3—117.6 = + 6A4cal. 


Then the thermodynamic relation AF = AH — TAS gives 


AF = —10,200 — T X 6.4 = —15,800 cal = —15.8 kcal. 


The agreement with the first method of calculation is excellent—probably 
fortuitously so. 

If we take the free energy change to be approximately —16 kcal, the next 
step is to find the equilibrium constant from the relation AF = —RT InK, 
where R is the gas-law constant (1.99 x 10°° kcal/mole) and InK is the 
natural logarithm of the equilibrium constant. Using T = 873° and in- 
serting a factor 2.303 to convert to decimal logarithms, we find 


AF = —1.99 X 10-* K 873 X 2.303 log K = —4.0 log K. 


Hence log K at 600° is obtained very simply by dividing by 4 and changing 
the sign. For Eq. 1, 


log K = +16/4.0 = approximately 4, and K = 10+. 
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Now equilibrium in this reaction is determined entirely by the concentra- 
tions, or pressures, of the two gases. Hence at equilibrium 


(H.O)*/(H.S)? = K =10', and (H.O)/(H,S) = 100. 


(Parentheses around formulas will be used thruout to indicate pressures.) 
Thus if (H,O) is assumed to be 1,000 atm, (H,S) should be 1/100 of this 
or 10 atm—in extraordinary, and probably again fortuitous, agreement with 
the 10 atm total sulfur estimated from gas analyses (Table 1). 

Calculations that follow are made in the same way. The first method of 
finding free energies is used for some, the second method for others, depend- 
ing on what data are available. 

The figure 10 atm for (H,S) is probably somewhat low, for a variety of 
reasons. More recent thermal data on Fe,SiO,, for example, have been given 
by King (15) ; these indicate an enthalpy of —346.0 at 25° instead of Latimer’s 
—343.7, and a free energy of formation of —322.0 rather than —319.8. If 
these are combined- with Latimer’s figures for entropies of the elements 
(probably not a strictly accurate procedure), they give an entropy of 34.7 
rather than 35.4 at 25°. These in turn lead to a free energy for Eq. 1 of 
—14.1 kcal, an equilibrium constant of 10**, and an H,S pressure of 10*? 
atm. Furthermore, since pyroxenes rather than olivines are common in 
contact deposits, one would infer that the former are more stable near a 
cooling magma at 600°; hence to form pyroxene from pyrrhotite should re- 
quire 2 smaller (H,O)/(H,S) ratio than to form the orthosilicate. In fact, 
by using Latimer’s data for the hypothetical compound FeSiO, at 25°, and 
by assuming that both entropy change and enthalpy change for the reaction 
remain constant to 660°, one can derive a rough figure of 10'-° atm for (H,S) 
in equilibrium with the metasilicate. It seems reasonable, therefore, to use 
10*° atm (about 30 atm) as the average pressure of H,S, rather than the 
figure 10°° atm obtained above. The difference is well within the limit of 
accuracy attempted here, and would not change any of the figures to be de- 
rived by more than an order of magnitude. 

Hydrogen Chloride ——An upper limit for the HCl concentration is set by 
the fact that scacchite (MnCl,) does not occur in high-temperature deposits. 
The most stable manganese compound in a contact zone at 600° is the 
silicate, and to prevent this from being converted to chloride the HCI pressure 
must be less than the equilibrium concentration for the reaction 


MnSiO,; + 2HCl(g) = MnCl, + H,O(g) + SiOz. Eq. 2 


By a calculation similar to that above, AF for this reaction is —2.7 kcal at 
600°; hence log K = +0.7, and the quotient (H,O)/(HC1)? = K = 10°", 
If (H,O) is assumed to be 1,000 atm, (HCl) must be less than the square 
root of 10**, or less than 10** atm, to prevent scacchite from forming. The 
figure estimated for total chlorine in Table 1, 9 atm, falls safely within this 
limit. 

Available data do not provide similar tests for the concentrations of 
carbon, nitrogen and fluorine gases. 
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Summary of Total Amounts of Principal Gases——On the basis of the 
analyses in Table 1 and the restrictions imposed by the iron and manganese 
reactions, a consistent set of concentrations is the following : 


Water vapor 10° (1,000) atm 
Total carbon as CO, = 10°? (50) atm 
Total sulfur as H.S 10! (30) atm 
Total chlorine as HCI 10! (10) atm 
Total nitrogen as = 10! (10) atm 
Total fluorine as HF = 10! 7 (50) atm 


These numbers will be used in the following calculations. No accuracy can 
be claimed for them, of course, and they will obviously vary from one sample 
of magmatic gas to another. Nevertheless, the figures should represent an 
average from which most magmatic vapors should not deviate by factors of 
more than 10. 

Using these figures as total amounts, we proceed now to see how equi- 
librium reactions determine the distribution of each element among various 
possible gaseous substances. 

Oxygen.—The amount of free oxygen in the vapor is best defined by the 
oxidation states of iron. Common iron-oxygen minerals at intrusive con- 
tacts include magnetite, hematite, and ferrous silicates, so that oxygen in the 
vapor should be in equilibrium with reactions like 


2Fe;0, 30. = 3Fe.O0; Eq. 4) 
AFeo00 = —30.2 kcal, log K = +7.6 

3FeSiO, + O2 = 2Fe;0, + 3Si02 Eq. 5 
AF 600 = — 73.0 kcal, log K = +18.2. 


The equilibrium concentrations of oxygen are thus 10-**-* atm for Eq. 4 and 
10°**? atm for Eq. 5. For a reaction like Eq. 5 but involving FeSiO, 
(pyroxene) instead of Fe,SiO,, the equilibrium concentration of oxygen would 
be somewhat higher than 10-**-?; a rough value on the assumption of constant 
entropy change is 10°? atm. Hence the iron oxide minerals are in equi- 
librium with each other and with pyroxenes if the oxygen pressure is on the 
order of 10°°—10-* atm. Note that on this basis there is nothing to “ex- 
plain” about the occurrence of hematite or magnetite at a granite contact; 
whether either or both will form is merely a matter of minor changes in the 
oxidizing characteristics of the vapor in contact with them. 

The figure 10-** atm is presumably a safe upper limit for the amount of 
free oxygen in most magmatic gases at 600°. If this figure is exceeded, all 
the iron present should be converted to hematite—a situation not commonly 
found. Setting a lower limit for oxygen pressure is less simple; many con- 
tact zones have little or no primary magnetite, and presumably the gases 
present may have contained well under 10°? atm of O,. A possible approach 
is extrapolation of Kennedy’s (13) data on equilibrium pressures of O, in 


1 Equation 3 is omitted. 
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contact with basaltic magma containing both ferrous and ferric iron. This 
extrapolation gives for 600° an equilibrium pressure of 10-°°7 atm. We may 
expect that the gases at an intrusive contact will be at least as oxidizing, and 
probably more so, than those in contact with a basalt melt. On other grounds 
also, as will develop in the discussion below, 10° atm may be taken as an 
extreme lower limit for oxygen pressures in vapor at an intrusive contact. 

Hydrogen.—The pressure of free hydrogen is obtained from 


AF e600 = —95.3 kcal, log K = 23.8. 


Eq. 6 


Here all the substances are gases, so K = (H,O)?/(H,)?(O,) = 10%. If 
(H,O) is assigned the arbitrary value 1,000 atm, it follows that (H,)?(O,) 
= 10°***. Hence the extreme limits of (H,) should be approximately 107 
atm (for (O,)= 10°) and 40 atm (for (O,) = 10-7"). 

Chlorine-—From the reaction 


H. + Cl, = 2HC1 
AFso0 = —47.6 kcal, log K = 11.9 


the quotient (HCl)?/(H,)(Cl,) = 10"*. If (HCl) is 10 atm, as estimated 
above, then the pressures of Cl, must fall between extremes of 10°°° atm (for 
(O,)= 10-**) and atm (for (O,)= 10°"). At 600°, therefore, there 
can be no appreciable free chlorine in magmatic gas at equilibrium. 

Carbon Gases.—From the reaction 


Eq. 7 


2CO + O2 = 2CO, 
AF woo = —98.8 kcal, log K = 24.7 


Eq. 8 


the quotient (CO,)*/(CO)?(O,) = 10°, which means that for any O, pres- 
sure between 10-** and 10°-** atm the dominant carbon oxide is CO,. Hence 
we assign this gas the pressure 10'" atm (from Table 1). Pressures of CO 
must then fall between the extremes 10-*' and 0.7 atm. 

Methane must take part in the equilibrium 


CH, + 202 = CO, + 
AFeo00 = —189.1 kcal, log K = 47.3. 


Eq. 9 


The quotient (H,O)?(CO,) /(CH,) (O,)* = 10*:’, and the pressure of meth- 
ane ranges from an extreme of 10-°* atm for (O,) = 10°"* to a high value of 
10?* atm for (O,) = 10°**. So high a value as this last is impossible, because 
the total pressure of carbon gases is only 10'? atm; to obtain a more accurate 
- figure we find for the ratio (CO,)/(CH,) a value 10°? or 0.2, so that the 
10** total is divided into approximately 10 atm of CO, and 40 atm of CH,. 
In other words carbon dioxide is the principal carbon compound in magmatic 
gas at 600° for oxygen pressures of 10-*° atm and greater, but methane be- 
comes dominant when oxygen falls as low as 10-** atm. 
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Sulfur Vapor—From the reaction 


2H. S2(g) => 2H3S Eq. 10 
AF 600 = —22.6 kcal, log K = 5.7 


the quotient (H,S)?/(H,)?(S,) = 10°", so that for (H,) in the range 10°** 
to 40 atm the chief sulfur gas is H,S. If we set this equal to 10** atm, as 
estimated previously, the possible range of pressures for S, is 1 to 10°* atm. 

For some magmatic gases the pressure of sulfur vapor at 600° can be speci- 
fied more closely. If both pyrite and pyrrhotite are present, for example, the 
equilibrium S, pressure can be calculated from 


AF ¢00 = 5.9 keal, log K = —1.5. 


The equilibrium constant is simply (S,), so (S,) = 10° atm. If pyrite is 
present together with ferrous silicates, a value for (S,) can be found from 


Fe:SiO, + + S2 = 2FeS, + 2H,0 + SiO, Eq. 12 
AF 600 = —23.4 kcal, log K = 5.8. 


Here K = (H,O)?*/(H,S)?(S,) = 10°8, and if (H,O) is 1,000 atm and 
(H,S) is 10'* atm, (S,) must be 10°** atm. If, on the other hand, magnetite 
and pyrrhotite are present together, the pressure of S, is obtainable from 


3FeS + 202 = Fe;O, + 3S. Eq. 13 
AF 600 —117.7 kcal, log K = 29.4. 


Here possible values for (S,) range from 10°°* atm for (O,) = 10-** to 10°** 
atm for (O,) = 10°. Note that the low value here is below the extreme 
permitted by the H.S reaction (Eq. 10) ; in other words, the reaction of Eq. 
13 would tend to build up the concentration of O, if it falls as low as 10°" atm. 
This is additional evidence for the conclusion that 10-** atm is an extreme lower 
limit for oxygen pressure in magmatic gas at 600°. 

Minerals of molybdenum, tungsten and tin provide further checks for the 
general correctness of these values. Molybdenum in contact deposits occurs 
always as the sulfide, never as a primary molybdate. The restrictions im- 
posed by this fact appear from the equation 


MoS, + 302 = MoO; + Sz Eq. 14 
AF = —74.6 kcal, log K = 18.7. 


(MoO, is used in place of a molybdate because thermal data are not available 
for the latter.) The quotient (S,)/(O,)*/? at equilibrium must then be 
10"*-7, and the values of (S,) corresponding to extremes of (O,) are 10-** and 
10°28 atm. The condition that MoO, not form means that actual S, con- 
centrations must be greater than these figures; and this condition is fulfilled 
by the values calculated from Eq. 10 above. Tungsten, unlike molybdenum, 
practically always occurs in contact zones as tungstates rather than as a 
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sulfide. This fact imposes conditions described by the equation 
WS: 802 WO; + Eq. 15 
AF 500 = — 103.9 keal, log K = 26.0. 


Equilibrium values of (S,) range from 10** to 10°°* atm. The condition 
that WS, not form means that S, pressures must remain below these values, 
a condition that is met for O, pressures down to 10°? atm. Tin is found 
almost exclusively as the oxide, meaning that the following equilibrium is 
displaced to the right: 


SnS + O2 = SnO, + 4S. Eq. 16 
AF ¢00 = —75.9 keal, log K = 19.0. 


Here (S,) has equilibrium values ranging from 10* to 10°* atm. The pres- 
sures of S, determined by Eq. 10 are safely below these figures down to an O, 
pressure of 10-** atm, so that the condition for stability of SnO, is fulfilled. 

Sulfur Dioxide-—The equilibrium concentration of sulfur dioxide depends 
on the equation 


H.S SO, H.O Eq. 17 
AFso00 = —107.7 kcal, log K = 26.9. 


Here K = (SO,)(H,O)/(H.S) (O,)*/? = 10**. For an assumed (H,O) 
= 1000 and (H,S) = 10°, this gives a range from 10** to 10°? atm for 
(SO,). The higher of these figures is impossible because the total pressure 
of sulfur gases is only 10**° atm (Table 1); hence we note that the ratio 
(SO,)/(H,S) must be 10'* at an O, pressure of 10-*® atm, so that the total 
10** atm is distributed between roughly 30 atm of SO, and 1 atm of H,S. 
Thus H,S is the dominant sulfur gas at 600° for oxygen pressures up to 10°**, 
but SO, becomes the chief gas for conditions more oxidizing than this. 

These figures are particularly interesting because of their bearing on the 
occurrence of hypogene anhydrite. Equilibrium between anhydrite and a 
calcium metasilicate like diopside or hedenbergite may be represented by the 
equation 


CaSiO; + SO, + 402 = CaSO, + SiO, Eq. 18 
AF = —41.9 kcal, log K = 10.5. 


Here K = 1/(SO,)(O,)? = 10°, and the range of equilibrium SO, pres- 
sures is therefore 10° to 1 atm. For anhydrite to form, SO, pressures given 
by Eq. 17 must be greater than these figures, a condition met only at O, pres- 
sures in the range 10-** to 10° atm. Note that these relations clear up much 
of the mystery about hypogene anhydrite: its presence requires no special 
explanation, but signifies only that conditions in the associated vapor are 
somewhat more oxidizing than usual. 
A similar equation for barium, 


BaSiO; + SO, + 402 = BaSO, + SiO, Eq. 19 
AF = —68.7 kcal, log K = 17.2 
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should indicate that barite is more stable than anhydrite, since barite is much 
commoner as a hypogene mineral. From Eg. 19, equilibrium pressures of 
SO, fall in the range 10-7 to 10°°* atm. For barite to be stable, these values 
should be lower than those calculated from Eq. 17, a condition that is fulfilled 
at O, pressures 10-** atm and higher. The rarity of barium silicate minerals 
is further proof that O, pressures in magmatic gas at 600° seldom fall lower 
than 10-** atm. 


TABLE 2 


PossIBLE EQUILIBRIUM COMPOSITIONS OF A MaGmatic GaAs PHASE aT 600° C 
(FIGURES ARE PRESSURES IN ATMOSPHERES) 


Each vertical column shows the composition corresponding to the oxygen pressure at the 
head of the column. Assumed total pressures: H2O 1,000 atm, Cl 10 atm, F 50 atm, S 30 atm, 
N 10 atm, C 50 atm. 


Oxidizing conditions Reducing conditions 


10-7 10-" 10-2! 
0.4 4 
10 10 
107-5 107.5 
50 
50 
1071-1 
1071-6 
10 
1071-5 
30 
1073-1 
Limits on (S2), from 
equilibrium in 
reactions 
Fe2SiO, — FeS:: 
FeS — FeS:: 
FeS — 
MoS: — MoOs;: 
WS: — WOs: 
SnS — SnO:: 
Limits on (SOz): 
For CaSO, not to form, 
(SOz) must be 
For BaSO, to form, 
(SOz) must be 


Summary.—Concentrations of nonmetallic elements in a gas phase at an 
intrusive contact at 600° can be guessed from analyses of gases given off by 
igneous rocks on heating. The compounds in which these elements occur can 
be inferred from thermal data on equilibrium reactions of the elements among 
themselves and with commonly occurring minerals of contact metamorphic 
zones. A summary of numerical results obtained from such reactions is 
given in Table 2. 

In defining the state of oxidation of a magmatic gas, oxygen pressure 
serves much the same purpose as does redox potential in specifying the oxida- 
tion state of a liquid solution. It is doubtful that “an O, pressure of 10-** 


: 
ij 
an 
4 i 
if’ 
| 


798 KONRAD B. KRAUSKOPF 


atm” has much real physical significance (since it means literally only about 
10 oxygen molecules per liter), but it symbolizes specific equilibrium rela- 
tionships among other gases that are susceptible to oxidation and reduction. 
From various lines of evidence, the oxidation state of magmatic gas at 600°C 
is limited to a range symbolized by O, pressures between 10°** and 10™™ atm. 
The equilibrium mixtures of gases in Table 2 are given for four oxygen 
pressures in this range. 

Factors that determine the oxidation state of magmatic gases are little 
known, but presumably conditions would be oxidizing where oxidized sedi- 
ments like “red beds” adjoin a contact or have been assimilated by the magma. 
At such contacts O, pressures may be as high as 10° atm; much of the iron 
would be converted to magnetite or hematite, much of the sulfur would exist 
as SO,, and the formation of hypogene anhydrite is likely. Reducing condi- 
tions are probable where sediments like black shales adjoin a contact or have 
been assimilated. Here, where O, pressures may fall as low as 10°** atm, no 
iron oxides could form, pyrrhotite would be the dominant iron sulfide, methane 
would be the dominant carbon gas, and some of the nitrogen would form 
ammonia. 


VOLATILITIES OF METALS AND THEIR COMPOUNDS 


General.—V olatilities as given in tables are pressures determined by al- 
lowing substances to evaporate into evacuated spaces or spaces filled with inert 
gas. Such numbers are not directly usable in working out the possible metal 
content of magmatic vapor at 600°, because the volatile compounds are in 
equilibrium not simply with their liquid or solid equivalents but with various 
solids and with the major gases in the vapor. Zinc chloride, for example, is 
doubtless present in the vapor, but its amount is not limited by equilibrium 
with solid or liquid zinc chloride; the most probable solid zinc compound 
present is the sulfide, and the amount of volatile chloride depends on equi- 
librium with this substance and with HCl and H,S in the vapor. Similarly, 
the amount of metallic zinc in the vapor is determined not by the simple vapor 
pressure of the metal, but by the degree of dissociation of its most stable 
compounds at 600°. Finding the metal content of the vapor, therefore, in- 
volves two steps: deciding which solid compounds are stable at 600°, and then 
calculating equilibrium constants for reactions with the principal gases present. 

It will be assumed that the ore-forming metals are present in amounts 
sufficient to form a solid (or liquid) phase of some kind, in other words that 
the vapor is saturated with each metal ; hence the figures represent maximum 
volatilities, which of course need not be attained in every sample of magmatic 
vapor. A second assumption was mentioned in a previous section, but should 
be re-emphasized here: no interaction with the vapor will be considered except 
simple chemical equilibria; possible ionization and formation of complexes 
will be ignored. By the same token, any aqueous liquid phase present will 
be disregarded. Presumably any interaction with a liquid or with com- 
pressed vapor would not affect the calculated volatilities, but might serve to 
put additional metal into a fluid phase. In this sense the figures give mini- 
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mum concentrations. Hence the calculated values to be discussed below are 
maximum concentrations attainable from simple chemical reactions, but 
minimum concentrations if possible ionization and complex-forming reactions 
are considered. 

Stable Solid Phases——For each metal, four possible solids should be con- 
sidered: the metal itself, the oxide, the sulfide, and the silicate. The pro- 
cedure may be illustrated with lead. First consider the reaction 


Pb + $S2(g) = PbS Eq. 20 
AF ¢00 = —20.0 kcal, log K = 5.0. 


The equilibrium pressure of S, is therefore 10-*° atm, far below the amount 
estimated even in the most reducing vapor of Table 2, so that metallic lead is 
clearly unstable with respect to the sulfide. Similarly for the reaction 


PbO + H.S PbS + H,O Eq. 21 
AF 600 — 24.4 kcal, log K = 6.1 
the equilibrium ratio (H,O)/(H,S) is 10*', far above the ratio estimated in 


the vapor, 10'*, so that there is ample H,S to keep lead in the sulfide rather 
than the oxide. Finally, for the reaction 


PbSiO; + H.S = H.O + SiO. + PbS Eq. 22 
AF¢00 = —23.3 kcal, log K = 5.8 


the equilibrium ratio (H,O)/(H,S) is 10°-*, again much larger than the ratio 


in the vapor, so that the sulfide is more stable than the silicate. Thus lead, if 
present in sufficient amount to form a solid at all, must exist as galena. 

For iron, the equation analogous to Eq. 22 is Eq. 1; from the observation 
that iron appears in contact zones both as sulfides and as silicates, this equa- 
tion was used as one of the means of establishing the amount of H.S in 


magmatic gases. For an active metal like calcium, the equation corresponding 
to Eq. 22 is 


CaSiO; + HS = CaS + H.0 + SiO, Eq. 23 
AF 600 = 2.8 kcal, log K = —0.7. 


Hence the ratio (H,O)/(H,S) should be 10°°* at equilibrium. Since the 
actual ratio in the vapor is on the order of 200 times greater, CaS is unstable 
with respect to CaSiO,. Calculations of this sort are similar to those used 
by Goldschmidt (7, p. 17-20), from which he generalizes that lead is a more 
chalcophile element than iron and calcium a more lithophile element. 

Most of the ore-forming metals for which data are available turn out to be 
most stable as sulfides at 600°—as would be expected from their geologic 
occurrence. Manganese is most stable as the silicate (equilibrium ratio 
(H,O)/(H,S) = 10°*), tin as the dioxide, and gold as the native metal. 

Vapor Pressures of Sulfides—For any metal whose sulfide is the stable 
compound at 600°, simple volatilization of the sulfide will contribute some 
metal to the vapor. The amount of this contribution is given by the vapor 
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TABLE 3 


VOLATILITIES OF METALS AND METAL COMPOUNDS IN EQUILIBRIUM 
WITH SOLID SULFIDES, SILICATES AND OXIDES AT 600° C 


V.p. of chloride in 


| Metal vapor i 
| Vapor pressure equilibrium ith Vapor pressure 
metal of sulfide sulfide if of oxide if (H2S) =30 and 
A 
| (HCl) =10 

Fe II 1011.26 10-2-6 Low 1073-9 
Fe III | depsd — Low j depsd 
Mn II 1071.92 10718-8 Low 1073-4 
Co Il 10~10.58 No data | Low 1075-8 
Nill 1077-58 No data No data 10-6-2 
Cul 10~5-66 10~2-6 Low 10-%.8 
Cu Il depsd = } No data depsd 
Ag I | No data 1071-8 | depsd 1077-3 
Au I depsd 10716 | depsd | dcpsd 
Zn II | 10-9. 1075-0 Low | 10-*7 
Cd Il 1077-4 1075-6 1077-3 | 1074-6 
Hg I | depsd High | dcpsd High 
Hg II depsd High depsd High 
Sn II 1075-74 1077-4 No data 
Sn IV | depsd — Low 1072-9 
Pb Il 10~6-34 1078-3 1077.3 
Mo IV | 10-12-08 10-6 No data | No data 
Mo VI | depsd | — 1075-1 | No data 
As III } ca. 0.1 No data High } ca. 0.1 
Sb III 10-492 10-83 | 10-25 | 0.7 

Bi III No data 10~5-24* No data 1072-2 

| 


All figures in atmospheres pressure. 

“High” means greater than 10 atm. 

‘‘Low"’ means almost certainly less than 10~7 atm (melting point >1,100° C). 

“‘depsd"’ means decomposed at 600° C. 

A dash means that the corresponding sulfide is decomposed at 600° C. 

* On the assumption that Sn vapor is monatomic. 
** On the assumption that Bi vapor is diatomic, Bie. 


pressure, uncomplicated by reactions with other constituents of the vapor. 
Figures for such vapor pressures, taken for the most part from Hsiao and 
Schlechten (8) and Schlechten (24), are given in the second column of 
Table 3. The experimental data require extrapolation for zinc (100°), iron 
and cobalt (200°), manganese, arsenic and molybdenum (300°), but the 
extrapolation is fairly safe because the data as plotted by Hsiao and Schlech- 
ten give beautiful linear relationships between log P and 1/T for all sulfides 
except Cu,S. Only five of the vapor pressures (Sn, Pb, Cu, As, Sb) give 
concentrations of metal in the vapor greater than the limit 107 atm (page 789 
above), so that there seems little possibility for volatile sulfides to play an 
important role in ore deposition. This rules out immediately the mechanism 
of ore formation proposed by Brown (5). 

Metal Vapor.—The concentration of free metal in the vapor state must be 
determined by the ability of the corresponding sulfide to dissociate, according 
to reactions of the form 


PbS(s) = 
AF coo 


Pb(g) + 3S2(g) 
45.1 kcal, log K = —11.3. 


Eq. 24 
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Note that this is the reverse of Eq. 20, except that Pb now represents a gas 
rather than a solid. The equilibrium constant K = (Pb)(S,)? = 1078, 
For (S,) = 10°° atm (the lowest and therefore most favorable pressure per- 
mitted by Table 2), this gives an equilibrium concentration of lead vapor of 
10°°* atm. The figures in the third column of Table 3 are obtained by 
similar calculations. Note that the concentrations of only four metals (Cd, 
Hg, Sb, Bi) are above the limit 10°’ atm. This means that the transportation 
of metals as metal vapors, a mechanism suggested by Sullivan (27), cannot 
possibly play a significant part in the formation of ore deposits. 

Vapor Pressure of Oxides.—Quantitative data on volatilities of oxides are 
available for only five of the metals in Table 3 (9), as shown in the fourth 
column. The figures for these five should be diminished because of equi- 
librium with the more stable sulfides, but the amount of the decrease cannot 
be calculated from available data. The oxides of gold and mercury are 
known to decompose at temperatures less than 600°. The oxides of iron, 
manganese, cobalt, copper, zinc and tin could hardly furnish as much as 107 
atm of vapor, inasmuch as their melting points are greater than 1100° C and 
their boiling points much higher. Hence volatile oxides can hardly play a 
role in transporting these metals, with the possible exception of arsenic and 
antimony. 

Chlorides—The great volatility of the chlorides compared with other 
metal compounds has made these the favored vehicles for transporting metals 
in most theories of ore deposition from gases. The amount of metal chloride 
that can be present in magmatic vapor, however, is not a simple function of 
the volatility, but depends on the free energy of reactions like 


ZnS(s) + 2HCl(g) = ZnCle(g) + HS(g) Eq. 25 
AFs00 = 20.7 kcal, log K = —5.2. 


Here the equilibrium constant is (ZnCl,)(H,S)/(HCl)* = 10°?, and 
(ZnCl,) = 10°*? atm. Equilibrium concentrations of chlorides calculated in 
this manner are given in the last column of Table 3, for all metals for which 
the necessary thermal data could be found. The calculation for manganese 
is based on the silicate rather than the sulfide, and that for tin on the dioxide, 
since these are the more stable compounds. To make the calculations for 
manganese and cadmium chlorides it was necessary to assume values for the 
free energy of melting at 600°, but the error so introduced can hardly be 
larger than a factor of 3. The figure for arsenic is a guess based on the as- 
sumption of constant entropy change between 25° and 600°. 

The figures show clearly that the chlorides of many ore-forming metals 
are sufficiently volatile to be important constituents of magmatic gas at 600°. 

Fluorides.—Thermal data on fluorides are insufficient to permit calculation 
of their volatilities in the presence of sulfides. For one metal, lead, a dubious 
estimate can be made from the data of Latimer (18, p. 152) and Kelley (9, p. 
62), by assuming that the entropy change remains constant and that the 
thermal change in melting PbF, is not large. The equilibrium pressure of 
PbF,,(g) turns out to be roughly 10°**° atm, on the order of 100 times smaller 
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than the vapor pressure of the chloride. Evidently the great stability of HF 
as compared with HCl inhibits the formation of metal fluoride, despite the 
larger amount of HF in the vapor. 

Now it seems reasonable that metals which resemble lead in (1) the differ- 
ence in free energy of formation between chloride and fluoride and (2) the 
difference in melting point (or boiling point) between chloride and fluoride, 
should have a similar difference in volatility between the two compounds. On 
this basis the fluoride would contribute as little to the volatilities of Mn, Fe, 
Zn, Cd, Bi, Co and Ni as it does to Pb. Silver is different in that the free 


TABLE 4 


VOLATILITIES OF METALS AND CHLORIDES AT 600° C 


ATMOSPHERES) 


Total vapor pressure i H 
Metal in equilibrium with Vapor pressure Vapor pressure nietpae pales 
2 sulfides, from of chloride alone of metal alone ° 
Table 3 


Hg i High High 
Sb High 10-59 
As High 0.8 
Bi High 10-89 
Pb 1072-3 1076-2 
Sn High 10712-6 
Mn 1073-3 107.7 
Fe 1072-7 107.7 
Cd 1072-3 0.1 
Zn 0.1 1071-8 
Co 1072-6 107-8 
Mo . High 
Cu 1072-6 107-6 
Ni 1073-7 10716.8 
Ag 1076.0 1070.6 
Au dcpsd 10716 


* SnCl, in equilibrium with SnOz. 
** MnCl: in equilibrium with MnSiOs. 


*** MoOs;(g) in equilibrium with MoOs;(s). Vapor pressure of chloride in equilibrium with 
MoS: probably higher. 


*** Au(g) in equilibrium with Au(s). 


energies of AgF and AgCl are nearly the same and the melting point of AgF 
is slightly lower, so that conceivably the fluoride could be more volatile. For 
tungsten, molybdenum, chromium, tantalum and niobium the fluorides have 
much lower melting points and boiling points than the chlorides, so that these 
metals may well exist in the vapor chiefly as fluorides. Data are lacking for 
tin and copper. 

Comparison with Simple Vapor Pressures—To show the effect of equi- 
librium with other solids in modifying vapor pressures, the simple vapor 
pressures of chlorides and free metals are listed in Table 4 beside the maximum 
volatilities from Table 3. The order of elements in Table 4 is the decreasing 
order of their concentrations in the vapor at 600° C. 

The modifying effect of equilibrium reactions is most striking for the 
vapor pressures of free metals, as is shown by the lack of resemblance in the 
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order of metals in the second and fourth columns. Note also that the vapor 
pressures of the metals are only vaguely related to the concentrations of metal 
vapor in equilibrium with solid sulfides shown in the third column of Table 3. 
Furthermore, neither the simple vapor pressures, the concentrations in equi- 
librium with sulfides, nor the maximum concentrations in magmatic gas, show 
any discernible connection with the melting points listed in the last column of 
Table 4—surely convincing evidence that Sullivan’s hypothesis (26) of a 
correlation between melting point and “mobilization” cannot be valid. 

Vapor pressures of the chlorides (third column of Table 4) are close to 
the maximum pressures in the second column only for metals like lead and 
manganese whose chlorides are particularly stable (have a high negative free 
energy of formation) with respect to the sulfides. The differences are suf- 
ficient to reverse the order of Pb and Zn and of Mn and Fe, and to reduce 
greatly the difference in volatilities of Cu and Ag. 

The maximum figure given for the volatility of molybdenum, 10-°* atm, 
is the simple vapor pressure of MoQO,. This pressure is a maximum only in 
the sense that no other available data give a higher volatility. Since, how- 
ever, both the chloride and the fluoride have low melting and boiling points, 
it seems likely that the amount of molybdenum in the vapor (most probably 
as MoF,) would be greater than 10°? atm. Conceivably, but much less 
probably, volatility of fluorine compounds could also raise the concentrations 
of silver and copper significantly. 


DISCUSSION 


A tentative reconstruction of conditions at an intrusive contact, at 600° 
and at a depth of a few kilometers below the surface, can be attempted on the 
basis of the preceding paragraphs. The major silicate minerals should be 
almost or completely solidified. In interstices and open spaces one or more 
fluid phases would exist—gas alone, liquid alone, gas plus liquid, possibly even 
two liquids. The gas, if present, would have a composition indicated roughly 
by Table 2, the amounts of some constituents varying locally according to the 
degree of oxidation or reduction. The more abundant ore-forming metals 
would be present in both the solid and fluid phases. In the solid phase most 
of the metals would appear as sulfides, but tin would be present as the oxide, 
manganese (in part at least) as the silicate, and gold as the native metal. 
The solids may appear as crystals accompanying the silicates, or as fine sus- 
pended particles in the fluid phases formed by cooling from higher tempera- 
tures. Any metal abundant enough to form a solid compound must also exist 
in whatever vapor phase is present, at a concentration indicated by Table 4; 
this is true whether a liquid is present or not. Metals not abundant enough 
to appear as solids would distribute themselves between the fluid phases, ac- 
cording to distribution laws that are completely unknown; in this case—but 
only in this case—the concentration of metal in the vapor phase would depend 
significantly but unpredictably on the amount and kind of liquid present. 

We assume now that a vapor phase exists at an intrusive contact containing 
the maximum amounts of heavy metals permitted by Table 4. (Admittedly this 
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is piling assumption on assumption, but in the baffling ‘game of explaining ore 
deposits no other move seems possible.) Presumably such a vapor would 
move thru fissures and permeable rocks toward regions of lower pressure, 
cooling and expanding in the process. At some stage in its movement most 
of the water in the vapor would condense, and would doubtless be diluted by 
water from other sources. At any one place in a channel of movement vapor 
would be replaced by liquid in the course of time, as general cooling of the 
igneous body proceeds. We can reasonably expect that metals and metal 
compounds, perhaps originally deposited from the hot vapor, would be worked 
over and redistributed so that the initial character of the deposit would be 
largely lost. Near the contact itself mineral assemblages characteristic of 
high temperatures may be preserved (the whole argument of this paper de- 
pends on such preservation), but in channels at a distance from the contact 
persistence of first-formed crystals would be a matter of accident. 

In view of these complications, are there any characteristics of ore deposits 
that might serve as criteria to check the hypothesis of vapor transport? Zon- 
ing and paragenesis are obvious possibilities ; certainly if the order of volatili- 
ties in Table 4 could be related to observed spatial and temporal sequences 
of minerals, strong support would be given the hypothesis. This criterion 
unfortunately works only one way: if such regularities are found (despite the 
inevitable complications), the hypothesis is confirmed; but if regularities are 
not found, the hypothesis can still be saved—but at the same time rendered 
impotent—by adding assumptions about complicating factors. 

If our assumed vapor cools as it moves along a channel, metals whose 
compounds are most volatile should be deposited initially over the greatest 
distance, and by the winnowing action of later unsaturated vapor should ulti- 
mately be carried farthest from the igneous source. These would also be the 
metals to remain longest in the cooling vapor, and hence to be deposited latest 
in a paragenetic sequence. Now we assume that this initial distribution is 
not entirely obliterated by the action of later solutions and vapors, and test 
the hypothesis by comparing observed occurrences with the maximum pres- 
sures in Table 4. The three metals with highest volatilities, mercury, arsenic 
and antimony, are indeed metals found most abundantly in low-temperature 
deposits far from an igneous source (arsenic less than the others). Ores of 
the next metal, lead, are found in all temperature zones, but in many deposits 
a concentration of galena occurs farther from the igneous source than ores 
of zinc and copper, as would be predicted from the volatilities. The metals 
iron, zinc, and cadmium have fairly similar volatilities, a fact possibly related 
to their common occurrence together in ore deposits. Cobalt and nickel, sel- 
dom significant in low-temperature deposits, have somewhat lower volatilities. 

On the other side of the ledger, the observed behavior of copper, silver 
and gold shows no relation at all to their volatilities. Silver and gold are 
common in low-temperature deposits, but their volatilities are among the 
lowest. Copper minerals are commonly abundant with lead and zinc minerals, 
but the volatility of copper is very much less. Furthermore, tin is most 
abundant in high-temperature deposits but has about the same volatility at 
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600° as zinc and iron; and manganese, often concentrated farther from an 
igneous source than lead, shows a considerably lower volatility. 

The objections are so serious as to constitute proof that an hypothesis— 
any hypothesis—of simple vapor transport cannot account for the origin of 
ore deposits. This statement, of course, is backed up by plentiful evidence 
of other kinds, especially by large-scale replacement of non-volatile materials 
like limestone and greenstone by metallic sulfides. 

The hypothesis is nonetheless tantalizingly successful in accounting for the 
segregation of mercury and antimony in low-temperature deposits and in ex- 
plaining the anomalous occurrence of galena later than sphalerite both in 
paragenetic and zonal sequences—explanations which the hydrothermal 
hypothesis has failed to provide. It is tempting to try to patch up the vapor- 
transport idea, to add enough supplementary assumptions to take care of the 
difficulties with copper, silver, gold, manganese and tin. This can certainly 
be done; the trouble is that it can be done in too many ways, no one of which 
is susceptible of proof. One can call on colloidal transport, without fear of 
either contradiction or corroboration ; one can use Ringwood’s ingenious ideas 
(quoted by Edwards (6)) about flotation of sulfide particles by bubbles of 
gas and selective precipitation of sulfides at gas-liquid interfaces; one can 
postulate ionization and complex formation in liquid or gaseous solutions, 
albeit with reluctance because this would revive all the time-worn difficulties 
of the hydrothermal hypothesis. There seems little to be gained by pursuing 
these suggestions further until more thermodynamic information about high- 
temperature solutions and vapors comes to light. 


SUMMARY 


1. Concentrations of the major constituents of a gas phase at an intrusive 
contact can be guessed from analyses of gases obtained by heating igneous 
rocks, from estimates of volatiles contributed to the atmosphere out of the 
earth’s interior during geologic time, and from mineral associations found in 
contact deposits and high-temperature vein and replacement deposits. To 
assign definite numbers to the concentrations, a temperature of 600° C and a 
water-vapor pressure of 1,000 atm (corresponding to depths of a few kilo- 
meters) are assumed. 

2. The oxidation state of the gas is measured by the O, pressure, which 
probably depends on the nature of the rocks at the contact and the kind of 
rocks that the magma has assimilated (or from which the magma has been 
formed). Extreme variation of the O, pressure is from 10°* to 10-** atm. 
At conditions represented by the lower figure, methane becomes the principal 
carbon gas rather than CO,; at the oxidizing extreme SO, becomes dominant 
over H,S. 

3. The formation of magnetite or hematite or both at a granite contact 
requires no special reactions, but simply conditions slightly more oxidizing 
than normal (O, pressures 10-** to 10-"* atm). 

4. The formation of hypogene anhydrite likewise calls for no special ex- 
planation, since anhydrite is stable with respect to calcium silicates whenever 
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the oxygen pressure, and therefore the SO, pressure, is slightly greater than 
normal (O, pressures 10-** to 10°? atm). 

5. Metals may be present in the vapor state as sulfides, oxides, chlorides, 
fluorides, and the native elements. Maximum amounts of the metals in these 
various forms are determined by equilibrium with the most stable solid metal 
compound. The stable solid for most common ore metais at 600° is the 
sulfide, but for tin it is the oxide, for manganese the silicate, and for gold the 
free metal. 

6. All the common metals for which data are available are most volatile as 
the chlorides, except gold (whose chloride is decomposed at 600°) and copper 
(most volatile as the sulfide). The maximum amounts of the chlorides 
present in magmatic vapor are in general less than the measured volatilities 
because of equilibrium with the solid sulfide and with H,S and HCl in the 
vapor. Maximum amounts for many metals are in the range 10° to 10° 
atm (equivalent to 10-** to 10°** grams/liter of solution), adequate to trans- 
port enough metal to form large deposits. 

7. The low volatilities of most sulfides at 600° eliminate the possibility of 
transporting the metals of ore deposits as volatile sulfides. 

8. The low vapor pressures of most free metals, and the negligible decom- 
position of most metal sulfides at 600°, indicate that transportation of metals 
as metal vapor cannot play a significant role in ore formation. 

9. Metallic melting points show no clear relation to simple vapor pressures, 
to pressures of metal vapor in equilibrium with sulfides, or to maximum con- 
centrations of metal compounds in magmatic vapor. Hence there is no justi- 
fication for assuming an influence of metallic melting point on the formation 
of ore deposits. 

10. Any hypothesis of vapor transport must be able to show that magmatic 
gases at 600° are capable of holding in the vapor state sufficient quantities of 
the common heavy metals to form an ore deposit. Regardless of the later 
history of the vapor, regardless of the mechanism by which metals are de- 
posited from the vapor, still the metals must be present in significant amounts 
in the gas at high temperatures. Thermodynamic data show clearly that some 
but not all of the common metals would volatilize in substantial quantity at 
600°. The very low volatilities of copper, silver and gold, together with 
anomalies in relative volatilities such as the greater volatility of lead than 
manganese, show that no hypothesis of simple vapor transport can satisfactorily 
account for the origin of ore deposits. 

11. Gases must nevertheless play an important role in transporting metals 
wherever a magmatic gas phase forms in appreciable quantity, simply because 
many of the heavy metals will necessarily vaporize at 600° if given an oppor- 
tunity to do so. The gas phase may actually be more important than this 
investigation indicates, either because of the physical transport of solid 
particles in the gas or absorbed on gas-liquid interfaces, or because of the 
solvent action of highly compressed water vapor. Such supplementary 
hypotheses cannot at present be tested against quantitative experimental data. 
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ORE GENESIS—THE SOURCE BED CONCEPT 
C. L. KNIGHT 


ABSTRACT 


The source bed concept of ore genesis is the outcome of an attempt over 
the past several years to find answers to some of the outstanding problems 
of ore genesis—answers that would be of practical assistance in the diffi- 
cult task of finding new orebodies. 

The popular epigenetic theory, which postulates that ore fluids derive 
from a magma, and the variants of this theory, which postulate an ore 
magma or a block of granitized sediments as the source of the sulfides, are 
of no practical use as an approach to ore finding. The syngenetic theory 
also cannot be applied to exploration, and offers no explanation for the 
numerous orebodies that are undoubtedly controlled by structure and 
which must surely have the same origin as the bedded deposits for which 
the theory was advanced. 

The author’s method of approach was to search for some phenomenon 
of ore habit common to several major orebodies or fields. One such phe- 
nomenon emerged from a study of many mining fields, namely, the strict 
correlation between stratigraphy and ore in several important fields; the 
orebodies in these fields are restricted to one particular sedimentary hori- 
zon. Moreover this principle of stratigraphic control could be used as an 
approach to finding new orebodies in a field. 

The source bed conceft postulates that all sulfide orebodies of the ma- 
jority of fields are derived from sulfides that were deposited syngene- 
tically at one particular horizon of the sedimentary basin constituting the 
field, and that the sulfides subsequently migrated in varying degree under 
the influence of rise in temperature of the rock environment. 


INTRODUCTION 


TuIs paper, in substance, was submitted originally for reading at the Fifth 
Mining and Metallurgical Congress held in Australia in 1953, but was not 
published at the time. 

By the nature of his work an exploration geologist is often denied the 
opportunity of studying the fine details of any single orebody—the relationship 
of ore to structure, intrusives and stratigraphy—details that emerge gradually 
over the years as mapping follows development to deeper levels. On the other 
hand he sees a large number of orebodies, both developed and undeveloped, 
and his experience is consequently broader. Also, he is much more vitally 
concerned with the fundamentals of ore genesis because he is continually on 
the lookout for clues that will assist him in his search for new finds, and is 
continually endeavoring to keep ahead of competitors in his thinking. 

After a good deal of searching in Australia for lead-zinc ore prior to 1950, 
it seemed to the author that so many factors could be suspected of affecting 
ore localization of any individual orebody that the fundamental problems of 
ore genesis could not be solved by work, no matter how detailed, on any one 
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of them and that a better approach would be to examine the essential features 
of a large number of them and to find out which features were common factors. 

Prior to 1950 the author had become dissatisfied with the popular theory— 
that the majority of orebodies had a magmatic origin and developed by a 
process of fractionation from the magma—largely because the theory was of 
no use in the practical business of finding new orebodies. This dissatisfaction 
deepened as it became apparent that the theory did not even fit the facts in 
many important instances. In several fields in Australia, where granite out- 
cropped and the orebodies were of the shear type, genetic linkage of granite 
and ore did seem to be a reasonable assumption. However, in the four major 
lead-zine fields of Australia, namely Broken Hill, Mount Isa, Rosebery and 
Lake George, the linkage of ore with intrusives was not at all obvious and it 
was necessary to suppose that the parent magma in each case lay at consider- 
able depth. On the other hand, in each of these fields, the importance of a 
particular sedimentary bed in localizing ore was obvious, and the same feature 
was observed in several less important fields. 

During 1950 and 1951 the author visited many mining fields in Africa and 
Europe and noted that stratigraphy was the fundamental ore control in several 
fields. Moreover the principle of stratigraphic control was being used with 
success in Northern Rhodesia and Belgian Congo in the search for new ore. 
This relationship between stratigraphy and ore is common to several large and 
highly important fields and must be accounted for by any acceptable theory 
of ore genesis. 


EXAMPLES OF STRATIGRAPHIC CONTROL OF ORE 


1. Northern Rhodesia Copper Belt——At the time of the author’s visit to 
Nothern Rhodesia in 1950 Garlick and Brummer (personal communication) 
had reached the conclusion that the four copper orebodies being mined at that 
time, and two others discovered a short time before, were of sedimentary origin 
and were all located at the same stratigraphic horizon in a Precambrian sedi- 
mentary succession that was not intruded by granite. Moreover, an explora- 
tion program based on the principle of searching this stratigraphic horizon 
elsewhere in the field for ore had been successful. 

The orebodies follow bedding faithfully and consist essentially of well- 
bedded, fine-grained quartzite with the sulfides chalcocite, bornite, chal- 
copyrite and pyrite disseminated through it as extremely small grains. The 
sulfides tend to form streaks following bedding planes. Sulfides are zoned 
across any section through the orebodies ; topmost beds are characterized by 
preponderance of chalcocite; bornite bearing beds underlie the chalcocite zone, 
succeeded by chalcopyrite beds and by pyrite beds. The zones grade into one 
another. The basal pyrite zone is far more extensive than any of the others. 
The ore-bearing horizon lies only a few hundred feet stratigraphically above 
an unconformity below which are granites, quartzites, and schists. 

Major post-unconformity doming has taken place and six orebodies are 
distributed along the complexly indented western flank of the dome over a 
distance of 55 miles. 
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2. Belgian Congo.—Union Miniere du Haut Katanga Geological depart- 
ment under M. Schuiling (personal communication, 1950) have determined 
the regional geology of the Katanga copper belt which extends from Kolwesi 
to Elizabethville—a distance of more than 200 miles. 

Numerous copper-cobalt orebodies are known and all are restricted to one 
suite of sedimentary beds known as the Mines Series, which is approximately 
1,000 feet thick and is made up almost entirely of sedimentary dolomite beds. 
With the exception of minor mineralization in a third bed, all the known 
orebodies (in the primary sulfide zone) are confined to two thin beds. The 
upper bed comprises the basal 5 to 15 meters of a 60 to 150 meter thickness 
of micaceous, well-bedded, dolomitic schist. The lower bed comprises siliceous 
platy dolomite 4 to 6 meters thick together with an underlying bedded dolomite 
1.5 to 4.5 meters thick. The two ore-bearing beds are separated by only 12 to 
25 meters of massive siliceous algal dolomite, which is resistant to weathering 
and which is responsible for the hills on which almost all the orebodies are 
found. 

Structure is extremely complicated. The Mines Series is considered to 
have been pushed forward over younger beds in a nappe movement, and to 
have become broken up into blocks in the process. No intrusives into the 
Mines Series are known. 

3. The Kupferschiefer of Germany—Deans (6) has summarized the in- 
formation available on the Kupferschiefer. The Kupferschiefer formation, 
and the immediately overlying and underlying formations contain economic 
copper and uneconomic lead and zinc mineralization in two districts, Mansfield 
and Lower Silesia, which are 200 miles apart ; uneconomic copper, lead, and 
zinc mineralization in Western Germany 110 miles from Mansfield; and very 
low-grade lead-zinc mineralization in northeast England. 

In Germany the sediments containing the mineralization are black marls 
of Lower Permian age and have undergone no major orogeny ; they lie at flat 
to gentle angles. Stratigraphic section is quite thin, generally less than 50 
feet. Economic copper is restricted to the Kupferschiefer formation, which 
is generally less than 10 feet thick. 

In the Mansfield district huge areas of the beds are involved in the minerali- 
zation. Four synclines have been estimated to contain 2,500,000, 145,000, 
300,000 and 775,000 tons of mineable copper, in orebodies with plan dimen- 
sions of 50, 3, 6 and 14 square miles and with thicknesses of 1 to 3 feet. Sub- 
economic mineralization is much more extensive; areas with grade in excess 
of 5 kilograms metal per square meter (approximately 0.25 percent metal) 
have been estimated after extensive boring to be—100 square miles for copper, 
560 square miles for lead, and 2,200 square miles for zinc. 

In Lower Silesia two copper orebodies have been indicated by boring, each 
with plan dimensions of at least 14 square miles; in one a 5 foot, and in the 
other a 4 foot, stratigraphic thickness of the Kupferschiefer formation is in- 
volved. 

Mineralization comprises the common sulfides pyrite, chalcopyrite, chal- 
cocite, bornite, sphalerite, and galena; appreciable quantities of silver; small 
amounts of nickel, cobalt, vanadium, molybdenum, chromium, antimony and 
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arsenic; and traces of tin and gold. Vertical and lateral zoning of copper 
to lead to zinc upward and outward has been established. 

The majority of geologists agree on a syngenetic origin for the deposits. 

4. Upper Silesia Lead-Zine Field, Poland.—According to Zwierzycki (14) 
ore has been mined from three ore beds, the chief ore horizon 1.5 to 4 m thick, 
a second bed 1 to 3 m thick located 12 to 15 m above the chief ore horizon, 
and a third bed 25 to 30 m above the chief ore horizon. Approximately 
thirty three mines have operated within an area 9.5 miles by 3.5 miles in four 
synclinal and one monoclinal structures. 

Ore is confined for the most part to the three beds but locally invades 
adjoining beds. The beds are marine limestones of middle Triassic age. 
Pyrite, marcasite, zinc sulfides, and galena fill crevices, joints and gashes in 
the ore beds, which are dolomitised adjacent to the orebodies. Some measure 
of ore control by fault zones is reasonably well established. Intrusives are 
absent. 

5. Maubach-Mechernich Lead-Zine Field, Western Germany.—(2 and 
personal observations). Two large lead-zinc orebodies 14 miles apart occur 
in a Lower Triassic sandstone-conglomerate formation that has been affected 
by faulting but dips at gentle angles. The sulfides galena and sphalerite are 
finely disseminated through the sandstone matrix, which has a stratigraphic 
thickness of approximately 120 feet. No structural control has been estab- 
lished and intrusives are absent. 

6. Northern Morocco Lead-Zinc Field.—(Personal observations supple- 
mented by reference to 3.) Four mines are operating on lead-zinc orebodies 
contained in relatively thin flat-lying dolomite of Jurassic age; one other large 
low-grade orebody and several small prospects are known to occur at the same 
horizon. They are distributed over an area 150 miles by 150 miles. 

The Bou Beker orebody is the largest of them with reserves in excess of 
24 million tons of grade 7 percent lead plus zinc. At the time of the author’s 
visit three flat-lying oreshoots were being worked in the middle 75 feet of a 
90 feet thick dolomite bed. The 75 feet thick ore-bearing section is divided 
into two parts; the lower is a fairly constant 6 feet thick, the upper varies 
between 6 and 60 feet thick and connects with the lower in places. In the 
upper part seams oi comparatively coarse galena with subordinate sphalerite 
are bordered by secondary dolomite. In general the seams are oriented along 
bedding but in places crosscut the bedding along fractures. In many places 
galena rings voids succeeded by secondary dolomite. The proportion of sec- 
ondary coarsely crystallized dolomite is high. Silver to lead ratio is 1 to 12. 
In the lower part, fine-grained galena, sphalerite, pyrite and quartz are dis- 
seminated through the primary dolomite. Silver to lead ratio is 1 to 5. The 
dolomite bed lies unconformably on steeply dipping schists and lavas that are 
not mineralized. Fractures play an important part in localizing ore. No 
intrusives are known. 

At Mibladen upwards of 7 feet thickness of interbedded dolomite and marl 
are mineralized over an extensive area by galena, barite, and calcite, and minor 
amounts of pyrite, sphalerite, and chalcopyrite. Faults appear to provide the 
structural control. 
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At Haut Guir two ore beds, 15 and 75 feet thick, are separated by 80 feet 
of barren rock, and lie 90 feet above an unconformable contact with schist. 
Galena is the only sulfide and no gangue minerals are present. 

7. Tri-State Zinc-Lead Field—(12) The field measures 125 miles by 
50 miles. Ore is found chiefly in the Boone formation of Mississippian age, 
which comprises limestone chert, limey-sand rock, and some shaley limestone 
and is 350 to 400 feet thick. Although ore is found at all stratigraphic levels 
in the formation certain stratigraphic units are favored. The overlying 
Chester group of limestones and sandstones is locally mineralized, generally 
adjacent to ground in which the main ore units carry ore. Some mineraliza- 
tion is known in the underlying shales. Sphalerite and galena, with minor 
marcasite, chalcopyrite, pyrite, and enargite, are the sulfides. No intrusives 
are known. 

8. Southeast Missouri Lead Field.—Disseminated lead orebodies in a belt 
35 miles long by several miles wide, are contained in the Bonneterre dolomite 
formation of Upper Cambrian age, mainly in the lower 270 feet but to some 
extent through the total thickness of 450 feet. The orebodies are of three 
types ; disseminations in dolomite—the most important type; massive replace- 
ments along bedding; and veinlets or small cavity fillings. Sulfides comprise 
galena, sphalerite, marcasite, siegenite, and pyrite. The dolomite is glau- 
conitic and sandy and is only weakly folded. West and northwest of the 
disseminated lead belt galena occurs in fractures in a second dolomite bed 
400 feet stratigraphically above the Bonneterre. No intrusives are known. 

9. Upper Mississippi Valley Zinc-Lead Field.—The field measures 60 
miles by 40 miles. The ore-bearing section according to Heyle and Behre 
(9) comprises—Silurian dolomite 190 feet ; Upper Ordovician shale 130 feet ; 
Middle Ordovician dolomite limestone and shale 390 feet; Lower Ordovician 
260 feet ; Upper Cambrian sandstone and dolomite 180 feet plus. The Middle 
Ordovician section contains the largest number of zinc orebodies. No in- 
trusives are known. 

10. Mount Isa, Australia.—A formation of thinly bedded dolomitic shale 
and pyritic shale (personal observation) approximately 1,000 feet thick ex- 
tends northerly from a cross fault for a distance of 15 miles. Near the 
southern end it contains the major lead-zinc lenses and copper lenses of Mount 
Isa, and, near the northern end, the major lend-zinc lens of Northern Leases. 
Thirteen miles south of Mount Isa is another occurrence of the pyritic shale in 
which minor lead has been discovered to date. 

On the other side of the field, 70 miles to the east, one large lead-zinc ore- 
body and several copper prospects occur in discontinuous belts of black shale 
that is believed to have been deposited contemporaneously with the Mount 
Isa shale. 

11. Witswatersrand Gold Field—This needs no elaboration. Gold and 
uranium are restricted to a thin group of sediments over thousands of square 
miles. 

12. Western Tasmania Copper-Lead-Zinc Province——The field is large 
and embraces the important Mount Lyell copper and Rosebery lead-zinc- 
copper-gold orebodies. Carey (4) states that all the important orebodies of 
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copper lead-zinc and lead-silver in Western Tasmania occur in rocks of the 
Dundas Group, or less commonly in fractures in the immediately overlying 
sediments. They all occur in the eugeosynclinal facies of the Dundas, and 
seem to prefer that particular horizon or lithofacies. 

13. Blind River Uranium Field, Canada.—Bateman (1) states that the 
uranium orebodies occur in quartz-conglomerate lenses in the lowermost 
Huronian quartzite formation, which rests with marked unconformity on the 
older Archean complex. Most of the conglomerate lenses lie within 200 feet 
of the base of the formation. The arenaceous matrix between the conglom- 
erate pebbles is extensively sericitized and may contain up to 10 percent or 
more pyrite. The uranium is present in discrete mineral particles distributed 
through the matrix. The principal ore minerals are brannerite and pitch- 
blende. The field measures 12 by 22 miles. 

14. Bathurst Copper-lead-zinc Field, New Brunswick, Canada.—Holyk 
(10) describes the field as limited to a circular area 25 miles in diameter, which 
embraces the Anacon, Brunswick, American Metal and New Calumet and at 
least four other deposits of massive sulfides Holyk believes they are related 
genetically having the same stratigraphic position in the rock assemblage and 
varying only in size and individual characteristics. The host rock assemblage 
is a volcanic complex within which occur sedimentary formations that are 
seldom more than 500 feet in width yet are of regional extent. The orebodies 
are located at the contact of a quartz-porphyry flow with one of the sedimentary 
formations. 

15. Broken Hill Lead-zinc Field, Australia.—In a discussion on the genesis 
of the famous Broken Hill lode King and Thomson (11) write 


there is no doubt that the ore-bearing layers are stratigraphic horizons and the 
space now occupied by ore would, before the beds were folded, have formed two 
greatly elongated lenses at least 344 miles long, up to 2000 feet wide and each 
possibly 50 feet thick, one lying roughly 70 feet above the other; in addition, in 
the southern portion of the deposit, a number of minor lenses of similarly restricted 
lateral extent would have stacked above the two principal lenses to a total height 
of about 1000 feet. 

A feature of the deposit is the persistence (throughout the 344 mile proved 
length) of the individual characteristics of the two principal ore horizons 


even where they are actually in contact. 
Furthermore 


the favourable ore-bearing beds are not recognisable except where mineralised, and 
where mineralised the whole of the ore-bearing horizon is usually occupied by ore 
and gangue minerals. Within the limits of the Broken Hill deposit favourability 
and mineralisation are therefore synonymous, but there is also a more general 
favourability. Recent mapping shows that the stratigraphic horizons in which the 
Broken Hill lode occurs could reach or approach the surface in three other locali- 
ties (and) in these three places, but not in the intervening ground occupied by 
higher beds, there is some Broken Hill type mineralisation, strongly suggesting 
that the formations at about the stratigraphic level of the favourable beds have been 
preferentially mineralised on a broad scale. 


King and Thomson advanced the hypothesis that the host sediments con- 
tained at a very early age simple conformable lead-zinc deposits of the type 


|< 
‘tle 
af 
4 
af 
: 
| 
4 
af 
| 
4g 
| 
| 
| 


814 C. L. KNIGHT 


seen elsewhere in the world, that the sediments were then involved in con- 
current tight folding, granitization and metamorphism, and that the ore-bearing 
beds responded in plastic fashion to the intense fold stresses resulting in 
migration of the ore constituents to favorable structural locations and their 
elimination from the limbs. Minor migration outward from the bed took 
place. “The origin of the primitive deposits remains wholly conjectural (but) 
in view of the persistence of mineralisation in certain horizons—a strong 
stratigraphic influence in the distribution of the original ore constituents is 
suspected.” 

16. Nairne Pyrite Deposit, Australia——Ridgway (13) describes the ore- 
body as a replacement deposit in which certain closely spaced beds up to half 
an inch in thickness have been totally replaced by pyrite, pyrrhotite, and 
crystalline quartz with replacement to a lesser degree extending throughout 
the whole of the host rock, which he describes as greywacke. The hangingwall 
is provided by a thin band of quartzite, although some lenses of pyrite do occur 
at a slightly higher stratigraphic horizon. The footwall is not quite so regular 
as the hangingwall. 

Edwards (7) also notes a sharply defined hangingwall formed by the base 
of a bed of quartzite 2 to 3 feet thick. He considers the host rock to have been 
a finely bedded mudstone before metamorphism. The pyrite occurs chiefly 
as prominent bands, 1 to 5 mm thick, following the bedding or foliation of the 
rock and remarkably parallel and persistent throughout the deposit, although 
Edwards found a few specimens in which cross-cutting seams of pyrite tra- 
versed half a dozen or more pyrite bands. The pyrite bands are spaced at 
intervals of 0.5 to 3.0 cm and the pyrrhotite is practically confined to the dark 
fine-grained rock between the pyrite bands. Minute amounts of chalcopyrite 
and sphalerite are associated with the pyrrhotite, which is replaced in places 
by marcasite. 

The orebody is a major one. It has been traced along the outcrop for more 
than three miles, and drilling over a one mile length proved an average thick- 
ness of 400 feet and an average sulphur content of 8.0 percent. 

17. The Canadian Shield.—Gill’s summary (8) of mineral distribution in 
the Canadian Shield is worth citing here. He writes 


considered broadly, the shield is a vast area of granitic intrusive rocks and gneisses 
including large areas of highly metamorphosed sediments and volcanics, with 
numerous isolated patches of little or only moderately metamorphosed volcanics 
and sediments scattered through it. Detailed studies have been carried out mainly 
in the patches of easily recognizable volcanics and sediments because the first really 
important ore deposits found were in such rocks and experience since indicates 
that these areas offer the best prospects for further discoveries. 


There is, in this statement, a strong suggestion of stratigraphic control on 
a regional scale. 


DISCUSSION 


The mining fields described above are examples of fields in which orebodies 
are confined, through each field, to a single formation or to a thin group of 
formations. Stratigraphic control of ore location is, then, a feature common 
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to several important mining fields and is operative in most of them over areas 
of hundreds of square miles and in several over areas of thousands of square 
miles. This important, and common, feature of stratigraphic control must be 
accounted for by any acceptable theory of ore genesis. 

Two opposing theories of ore genesis are under discussion at the present 
time—the epigenetic theory that metal sulfides were introduced by fluids that 
originated in some body external to the host rock, and the syngenetic theory 
that the sulfides were deposited in their present position as original sedimentary 
components. 

The epigenetic theory states that the source of the sulfides was a granitic 
or basaltic magma, an ore magma or a granitized block of sediments. Apart 
from the lack of outcropping intrusives or granitized masses in many of the 
fields listed in this paper, the common emplacement of sulfides at one strati- 
graphic horizon presents a great obstacle to acceptance of the popular hydro- 
thermal epigenetic theory. One must suppose that ore fluids entered the 
sediments from outside, permeated very large blocks of sediments and deposited 
sulfides in only one formation of the sedimentary succession leaving no trace 
of its passage through the other formations. It seems inconceivable that such 
an extremely selective process could have operated over the thousands of 
square miles involved in the Kupferschiefer copper-lead-zinc field, the North- 
ern Rhodesian copper field, and the Belgian Congo copper-cobalt field; and 
scarcely less conceivable for the other fields. 

If the ore-bearing bed were invariably the one rock type it might be argued 
that chemical properties peculiar to the bed were responsible for its favorability 
to ore replacement. This however is not the case. Each of the common 
sedimentary rocks with the exception of greywacke, namely shale siltstone 
sandstone conglomerate limestone dolomite and marl, comprises the ore-bear- 
ing bed in different fields. The author finds the popular epigenetic theory 
unacceptable for these fields. 

On the other hand in some of the fields listed—for example Broken Hill, 
Mount Isa and Morocco—some measure of control of the shape of ore shoots 
by structure has been proved beyond reasonable doubt, and a simple syngenetic 
origin is therefore untenable. If the sulfides of these ore bodies were deposited 
originally as primary sedimentary components of the bed, they must have 
migrated appreciable distances within the bed at some subsequent time. 

Moreover it seems illogical to assume a sedimentary origin for one sulfide 
orebody, and to argue that another orebody of very nearly identical mineralogy 
originated from a magma. If the orebodies of the fields listed in this paper 
are basically sedimentary in origin, then it is logical to argue that all sulfide 
orebodies, with the possible exception of some magmatic segregations, were 
derived from original sedimentary accumulations of sulfides, and that subse- 


quent migration of the sulfides was a common event and varied only in degree 
in different fields. 


THE SOURCE BED CONCEPT 


It seems that the large degree of stratigraphic control of orebodies evident 
in many important fields cannot be explained in terms of the popular epigenetic 


| 
4 
ae 
| 
hs 
j 
fe 
{ 
| 
2. 
| 


816 C. L. KNIGHT 


theory. The simple form of the syngenetic theory is also inadequate as it does 
not take into account the fact that the shape of orebodies is controlled in many 
instances by post-sedimentation structures. 

The author proposes the Source Bed Concept that sulfide orebodies in the 
great majority of mining fields are, or were derived from, sulfide accumulations 
that were deposited contemporaneously with other sedimentary components 
at one particular horizon in the sedimentary basin which constitutes the field, 
and that the sulfides subsequently migrated in varying degree under the in- 
fluence of rise in temperature of the rock environment. 

The two most important causes of rise in temperature would be deep burial, 
resulting in strong metamorphism or granitization, and granite intrusion. 
Where a field is characterized by neither strong metamorphism nor granite 
intrusion, as is the case in the majority of fields listed in this paper, the original 
stratigraphic control would be clearly in evidence. 

It occurred to the author several years ago that a sulfide-bearing bed would 
be a very unusual sediment and would form under very special conditions only, 
which should be reflected in similarities of sedimentary environment of ore. 
A study was therefore made of the stratigraphic associations of the lead-zinc 
deposits of all types described in Volume XVIII of the International Geological 
Congress of 1948. Detailed stratigraphic environment is described for only 
a few of the deposits but, of the 108 for which country rock is cited, 56 are 
actually in limestone or dolomite and a further 7 have these rocks in the 
immediate vicinity. This seemed to be out of all proportion to the percentage 
of carbonate rock in the earth’s crust and suggested that lead-zinc ores at least 
were found only in a particular sedimentary environment. The author thought 
that this environment was similar to the environment under which evaporite 
deposits formed. Condon and Walpole (5) have since interpreted the en- 
vironment of the uranium deposits of the Rum Jungle-South Alligator River 
field as edge-of-shelf sediments, and they suggest that the edges of shelves 
in geosynclinal basins may be favorable loci for the bio-chemical precipitation 
of sulfides. 


ACKNOWLEDGMENT 


Permission of Consolidated Zinc Proprietary Limited to publish this paper 
is gratefully acknowledged. 


C. L. Knicut 
CoNnsoLIDATED Zinc Pry. Ltp., 
95 Cottins STREET, 
MELBOURNE, AUSTRALIA, 
April 30, 1957 


REFERENCES 


1. Bateman, J. D., 1955, Recent uranium developments in Ontario: Econ. Geror., v. 50, 
p. 361-372. 

2. Behrend, F., 1950, Die blei-und zinkerz fuhrenden impragnations-lagerstatten im Buntsand- 
stein am nordrand der Eifel und ihre entstehung: XVIII Int. Geol. Cong. Part VII, 
p. 325-339. 

3. Bouladon, J., Jouravsky, G., Permingeat, F., and Agard, J., 1950, Deux types de gisement 
de plombe au Maroc Francais: XVIII Int. Geol. Cong. Part VII, p. 222-233. 


- 
> 
4 
ie 
= 
4 
# 
tee a 
4 
is 


ORE GENESIS—THE SOURCE BED CONCEPT 817 


. Carey, S. W., 1953, The geological structure of Tasmania in relation to mineralisation : 
Fifth Empire Min. and Met. Cong., v. I, p. 1108-1128. 

. Condon A., and Walpole, B., 1955, Sedimentary environment as a control of uranium 
mineralization in the Katherine-Darwin region, Northern Territory: Commonwealth of 
Australia Department of National Development Bureau of Mineral Resources, Geology 
and Geophysics, Rep. No. 24. 

. Deans, T., 1950, The Kupferschiefer and the associated lead-zinc mineralisation in the 
Permian of Silesia, Germany and England: XVIII Int. Geol. Cong. Part VII, p. 340-351. 
. Edwards, A. B., 1950, S. Aust. Dept. of Mines Mining Review No. 90, p. 89. 

. Gill, J. E., 1948, Structural geology of Canadian ore deposits: Canadian Inst. Min. Geol. 
Div. Symposium, p. 21. 

. Heyle, A. V., Jr., and Behre, C. H., Jr., 1950, Lead and zinc deposits of the Mississippi 
Valley : XVIII Int. Geol. Cong. Part VII, p. 61-69. 

. Holyk, W., 1956, Relate structure and geology at Bathurst, New Brunswick: Northern 
Miner, March 1956. 

. King, H. F., and Thomson, B. P., 1953, The geology of the Broken Hill district: Fifth 
Empire Min. and Met. Cong., v. I, p. 533. 

. McKnight, E. T., 1950, Lead and zine deposits of the Mississippi Valley: XVIII Int. Geol. 
Cong. Part VII, p. 52-59. 

. Ridgway, J. E., 1950, S. Aust. Dept. of Mines Mining Review No. 90, p. 81. 

. Zwierzycki, J., 1950, Lead and zine ores in Poland; XVIII Int. Geol. Cong. Part VII, 
p. 314-324. 


5 
6 | 4 
/ 
> 
9 
1 
4 
13 
14 
ar in, 
| 
di 
“ay 
= 
; 
i 
ah 
F 


DIFFERENTIAL THERMAL ANALYSIS OF EXTRACTS OF NOVA 
SCOTIA COALS, AND THE EFFECT OF THESE EXTRACTS 
ON THE COKING PROPERTIES OF COAL 


DAVID G. BENSON AND WILLIAM M. TUPPER 


ABSTRACT 


Phenanthrene has been used to separate coals into four separate frac- 
tions. The exothermic reactions and swelling of 100 mg samples of these 
fractions and fractions plus coal were studied by means of a vacuum dif- 
ferential thermal analyzer. 

The thermograms show that swelling and exotiermic reactions occur 
in only a cyclohexane soluble fraction. Only good coking coals produce 
such a fraction. This fraction is believed to contain the coking properties 
of coal. The swelling occurred at approximately 200° C. 

Samples of the cyclohexane soluble fraction were added in amounts 
up to 20 percent by weight to both coking and non-coking coals. These 
additions do not appear to enhance the coking properties of such coals. 


INTRODUCTION 


THE coking properties of coal have been related by King and Kelly (2) to 
certain diagnostic peaks on vacuum differential thermal analysis curves. The 
United States Bureau of Mines (4) has done extensive work on the extrac- 
tion of coal and on the physical and chemical properties of these extracts. By 
combining these two lines of research it was thought that further information 
as to the coking properties and methods of improving the coking properties of 
coal might be obtained. Thus several coking and non-coking Nova Scotia 
coals (Table 1) were extracted with phenanthrene, the extracted fractions 
being analyzed both singly and in combination with whole coals on the differ- 
ential thermal analyzer. 
TABLE 1 
LOCATION AND COKING QUALITIES OF SAMPLES 
Location 


Name of sample Coking qualities 


Bright Coal Good Harbor No. 26, Sydney, N. S. 
Clairaii. Good Harbor No. 26, Sydney, N. S. 
Vitrain Good Harbor No. 26, Sydney, N. S. 
Bone Coal Poor Harbor No. 26, Sydney, N. S. 
Clarain Fair Phalen 1B, Sydney, N. S. 
Duraine Fair Phalen 1B, Sydney, N. S. 


EXTRACTION METHOD AND DIFFERENTIAL THERMAL ANALYSIS 


The smaller coal samples for differential thermal analysis were stored under 
water to prevent oxidation. No such precautions were taken with larger 
amounts of coal that were extracted with phenanthrene. However, as far 
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as could be determined identical extraction results were obtained with coal 
that was fresh from the mine, as with coal that had been stored at the laboratory 
for over a year. The older coal had undoubtedly oxidized to a considerable 
degree for even the good coking coals did not give comparable differential 
thermal curves or coke buttons to those obtained with fresh coal. This result 
is in line with the belief that oxidation destroys the coking properties of coal. 

The extraction procedure followed is as outlined by Orchin et al. (4) in 
Bulletin 505 of the U. S. Bureau of Mines. The coal is ground in an agate 


Diagrammatic Flow Sheet 
(actual results from one run) 


Coal 3.0004 grams 


Coal extracted with 30 grams phenanthrene 


[ 1 
0.2644 grams phenanthrene phenanthrené soluble 2.7360 


insoluble 
(Fraction A) 


extracted with 150 ml benzene 


2.0520 grams benzene 

diluted 1:1 with 
insoluble cyclohexane and 

(Fraction B) Placedon alumina 


column | 


phenanthrene 


(percolate) eluted with 1:1 
rejected benzene-ethanol 


! 
loss 0.2700 grams dissolved in 10 
volumes of 


0.2109 grams cyclohexane 0.2031 grams éyclohexane 


insoluble soluble 
(Fraction C) (Fraction D) 


Fic. 1. 


mortar and screened to give a (+ 40 — 20) mesh fraction which is used in 
the extraction. 

Three grams of this size fraction are carefully weighed out on a small piece 
of glass filter cloth (Style G-201,-Woven glass filter cloth. The National 
Filter Media Corp., New Haven, Conn.), which is then tied up to make a 
small bag. This bag is suspended just above 30 grams of phenanthrene in a 
Bailey Walker flask. A condenser is attached to the top of the flask and the 
sample is extracted by continuous reflux in a nitrogen atmosphere for eight 
hours. It was found that increasing this time up to twenty hours did not 
appreciably increase the extraction yield of poor coking coals. The good 
coking coals are about 90-95 percent extracted by the end of eight hours. At 


| 
es 
if 
fF 
ams 
4 
ar 


820 D. G. BENSON AND W. M. TUPPER 


the end of the phenanthrene extraction the Bailey Walker flask is replaced 
with another flask containing 150 ml of benzene which is refluxed in turn over 
the glass bag for six hours. The glass bag is then dried at 120° C in an oven 
for five hours and weighed to give the total amount extracted from the coal. 

The phenanthrene soluble portion is added to a pyrex extraction cup lined 
with filter paper (No. 613, Eaton-Dikeman Co.). The cup is placed in a 
Soxhlet extraction apparatus, 150 ml of benzene is added to the flask and re- 
fluxing carried out until the benzene passing through the cup is clear. The 
cup is then dried at 120° C and the benzene insoluble portion weighed. 


> 


EXOTHERMIC 


ENDOTHERMIC 


200 300 400 500 600 


TEMPERATURE, °C 


Fic. 2. Thermograms of bright coal and extracts from bright coal, Harbor No. 
26, Sydney, N. S.: (1) bright coal, (2) phenanthrene insoluble (Fraction A), (3) 
benzene insoluble (Fraction B), (4) cyclohexane insoluble (Fraction C), (5) 
cyclohexane soluble (Fraction D). 


The benzene soluble portion is diluted 1:1 with cyclo-hexane and placed 
on an alumina column. The absorbate is eluted with a 1:1 benzene-ethanol 
solution and treated by dilution with 10 volumes of cyclohexane. The cyclo- 
hexane insoluble portion is separated by centrifuging. It is dried in an oven 
at 110° C and weighed. 

The remaining solution is evaporated to a small volume (25 ml) in a boil- 
ing flask, then transferred to a weighing dish and evaporated to dryness at 
120° C in an oven, and finally weighed. 
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Loss during the course of extraction is generally about 10 percent, probably 
by incomplete removal of absorbate from the column by elutriation and loss of 
volatiles. A diagrammatic flow sheet of the extraction procedure and actual 
results from one extraction are outlined in Figure 1. 

The vacuum differential thermal analysis equipment used in this investiga- 
tion has been previously described by Whitehead and Breger (6). The frac- 
tions were ground in a small agate mortar and 100 mg portions were run from 
room temperature to 600° C at a heating rate of 10° C per minute. The 
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200 300 400 500 600 


TEMPERATURE, °C 


Fic. 3. Thermograms of clairain and extracts from clairain, Harbor No. 26, 
Sydney, N. S.: (1) clairain, (2) phenanthrene insoluble (Fraction A), (3) benzene 
insoluble (Fraction B), (4) cyclohexane insoluble (Fraction C), (5) cyclohexane 
soluble (Fraction D). 


thermocouple well which contained the sample was first packed with alumina 
up to the head of the thermocouple. The extracted fractions were then 
firmly packed into the remaining space in the thermocouple well. This pro- 
cedure allowed a fairly small sample to be analyzed, and also prevented the 
sample from sticking to the thermocouple during the run. The sample was 
permitted to swell in one direction during the run as no sample block cover 
was used. At the end of each run the furnace was cooled under vacuum. 
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ANALYTICAL RESULTS 


The ratios of the different fractions to one another were approximately the 
same for all runs. That is, about 1/7 of the phenanthrene soluble portion was 
contained in fractions C and D, } in the benzene insoluble portion and the 
remainder lost on the alumina column. 

The differential thermal analysis curves of bright coal extracts from 
Harbor No. 26 Colliery, Sydney, Nova Scotia are shown in Figure 2. This is 
normally a good coking coal, but the curve for the coal does not so indicate 
for the sample had oxidized. Thermogram No. 1 (Fig. 2) which is for the 
natural coal, shows a fairly strong exothermic peak from 380° C to 510° C. 
There is little swelling of the sample and a weak button is produced. The 
actual exothermic reaction in the carbonization process that produced this 
peak has not been definitely established. It is believed (2) to be caused by a 
change in chemical bonds during the plastic stage due to dehydrogenation. 

The extracts give similar thermograms to those obtained from an extract 
of fresh unoxidized coal. None of the extracts give thermograms (Fig. 2) 
like those of King and Kelly (2) and only Fraction D (Fig. 2, thermogram 
5) shows any swelling. The phenanthrene insoluble portion produced a 
slightly accentuated exothermic peak (Fig. 2, thermogram 2) but no button. 
The benzene insoluble fraction (Fig. 2, thermogram 3) shows a slightly 
smaller peak, but still no significant differences. The exothermic drift in the 
curve (Fig. 2, thermogram 4) for the cyclohexane insoluble portion is probably 
due to the different heat capacity of the sample, compared with coal for which 
the instrument is adjusted. The cyclohexane soluble portion produced a 
curve with a sharp endothermic peak at 215° C. Several extra samples were 
run and stopped just above and below 215° C. The peak was found to be 
due to sudden swelling of the sample to approximately five times the original 
sample size. The button so produced was a very soft porous mass that 
crumbled to a granular mass with only slight handling. Figure 3 shows a 
similar sequence of extracts obtained from clairain, also from Harbor No. 26, 
Colliery, Sydney, Nova Scotia. The experimental results were nearly iden- 
tical, the only difference being in Fraction D, where the exothermic peak oc- 
curred at 190° C. 

The present belief is that the coking properties of coal are contained in the 
vitrain portion, that is, in the actual plant remains. Among the samples run 
was one of Bone coal, composed mainly of fusain. Bone coal is normally a 
poor coking coal. It yielded a very small percentage of phenanthrene soluble 
extract. Several extractions were tried, but only minute amounts of Fraction 
D and no Fraction C were obtained. Clairain from Phalen 1 B also gave low 
yields, but Fraction D swelled on heating. The clairain however, contains 
small layers of vitrain and the swelling properties are likely due to this vitrain. 

Up to twenty percent by weight of the various fractions were added to 
durain from Phalen 1 B but no improvement in the coking properties is noted. 
Larger amounts were not added, because of small amounts of extract obtained, 
and the necessity of running duplicate samples as a check. As Fraction D 
produced the most swelling, portions of it extracted from bright coal, Harbor 
No. 26 Colliery, and from vitrain, Harbor No. 26 Colliery, were added to 
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various coking and non-coking coals (Fig. 4). In general no swelling is 
noticed in any of the samples, but when 20% of Fraction D is added to bright 
coal from Harbor No. 26 Colliery a slightly larger exothermic peak is pro- 
duced (Fig. 4, thermogram 4). This peak is shifted to a slightly lower 
temperature range. In thermogram 5 (Fig. 4) the extract added was ob- 
tained from vitrain from Harbor No. 26 Colliery. This resulted in an 
exothermic peak, followed by an endothermic peak from 110° C to 150° C. 
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Fic. 4. Thermograms of coals and coals plus 20% by weight of cyclohexane 
soluble (Fraction D): (1) durain, (2) durain plus cyclohexane soluble (Fraction 
D from bright coal), (3) bright coal, (4) bright coal plus cyclohexane soluble 
(Fraction D from bright coal), (5) bright coal plus cyclohexane soluble (Fraction 
D from vitrain). 


CONCLUSIONS 


As earlier stated, Fraction D, extracted from good coking coals, produced 
a very soft, large porous button that crumbled to a granular mass with only 
slight handling. King and Kelly (2) found that large buttons were only 
produced from good coking coals. Thus it is believed that Fraction D may 
contain the constituent or constituents in coals which determine their coking 
qualities. Although the swelling property of the coal is present in Fraction 
D, the compound that gives the strength to the coal is lacking. 

King and Kelly (2) found that by blending increasing amounts of a good 
coking coal with a poor coking coal the swelling due to the good coking coal 


| 
y 
= 
is 
‘ 
i 
100 
‘liga 
| 
‘al 


824 D. G. BENSON AND W. M. TUPPER 


diminished, and the exothermic peak occurred at progressively higher tem- 
peratures, diminished in intensity and finally disappeared. Since the coking 
properties of coal may be concentrated in Fraction D, it would seem natural 
on the basis of the work of King and Kelly, to expect the swelling to occur in 
Fraction D at a lower temperature than in common coal. The temperature of 
swelling in Fraction D is found to be approximately 200° C, much lower than 
in common coal. This adds to the belief that Fraction D may contain the 
coking properties of coal. 

The endothermic-exothermic peaks (Fig. 4, thermogram 5) formed from 
110°C to 150° C when Fraction D from vitrain was added to bright coal are 
indeed interesting. The authors were unable to find a suitable explanation for 
this different behavior. Undoubtedly some reaction has taken place, and 
since it is in the proximity of the temperature at which Fraction D swells, it 
may be that this “swelling reaction” occurred but did not have strength enough 
to impart this feature to the coal to which it was added. 

Although the swelling properties are present in a separate fraction, this 
fraction does not impart the swelling to other coals when added in amounts 
up to 20 percent by weight. The result is that the addition to other coals of 
coal extracts separated in this manner does not appear to have any value in 
enhancing the coking properties of a non-coking coal. 
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RELATIONS BETWEEN COMPOSITION OF ORE MINERALS 
AND ORE SOLUTIONS ; 


H. L. BARNES AND GUNNAR KULLERUD 


ABSTRACT 


At least four independent variables (pressure, temperature, ionic 
species and activity coefficients) must be quantitatively evaluated in order 
to deduce the composition of an ore solution from the composition of pre- 
cipitated minerals. Application of the derived functions is limited to the 
cases in which equilibrium during precipitation and absence of post-deposi- 
tional changes can be demonstrated. These conditions so greatly limit the 
usefulness of natural data that additional relations between aqueous solu- 
tions and their precipitates are needed before unique answers to the vari- 
ables can be calculated for individual deposits. At present, sufficient ex- 
perimental data for derivation of the required functions are lacking. 


In the last few years there have been a number of discussions in this journal 
(references 4, 5, 10, 19, 20) of the theoretical relationship between the chemical 
composition of ore minerals and the solutions from which they are deposited. 
The relationships between the composition of solids and the temperature, pres- 
sure and chemical composition of the fluid from which the precipitation took 


place are established by simplifying assumptions which in some cases have not 
been clearly stated. 

In a modification of the usual approach, Holland (12) recently has outlined 
some relations between the composition of aqueous solutions and the trace 
element content of precipitated minerals. This latter approach is somewhat 
more complicated and includes a number of assumptions unfortunately in- 
volved in many studies of this type. Although Holland (12) mentions many 
of these factors, a rather general discussion of the assumptions themselves may 
be of interest to many readers, particularly since the whole subject of the 
physical and chemical basis of ore formation is a matter of increasing interest 
throughout the profession. 

The ratio of concentrations of any given trace element in two minerals de- 
posited from the same solution depends upon pressure, temperature, activities, 
etc. ; therefore, the examination of several ratios should provide sufficient rela- 
tions for a series of simultaneous equations. By solving these equations we 
should find unique answers to the physical and chemical variables at the time 
of formation of the ore minerals. The difficulty of quantitatively establishing 
the ratios as functions of each of the several variables will be apparent if we 
consider the limitations of some simple chemical equations relating the composi- 
tion of a solution and its precipitates. These examples are based on the be- 
havior of ideal, totally ionized simple salts in pure water at 25° C and 1 at- 
mosphere absolute pressure. 
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In an ore solution the large number of elements present as ions and com- 
pounds, hydrolysis and complexing phenomena, temperatures sometimes in 
excess of 600° C, and pressures in some cases exceeding 2,000 bars (15) pro- 
vide conditions that are quite different from those considered in the derivation 
of these simple equations. 

The purely physical and chemical variables affecting the use of mix-crystal 
ratios will here be considered in the following order: I, those affecting the 
attainment of equilibrium; II, those dependent on chemical constitution at 
constant temperature and pressure; and, finally, III, those dependent on, and 
including, temperature and pressure. The effect of these variables is demon- 
strated by modifications of simple equations. 


I. The ionic concentration in equilibrium with two simple salts may be 
given by 


= Kax (1) 


and 
[B+][X-] = Ksx (2) 


Equilibrium conditions cannot be assumed without evidence. In the labora- 
tory the metastable conditions of supersaturation or coprecipitation may 
commonly modify this relation indefinitely. Buckley (2, Preface and Chapter 
I) presents data suggesting that the persistency of supersaturation may be in- 
creased by cooling from a higher temperature (p. 15) and that some Pb salts 
may remain 100-300 percent supersaturated indefinitely even with impurities 
present (Preface, p. x). The extent of supersaturation may also be in- 
creased at least temporarily by decrease in the grain size of the solid present 
(p. 28). Kolthoff (14) presents similar data on coprecipitation in which even 
in dilute solutions the concentration of particular ions may be diminished, at 
least temporarily, below values satisfying the solubility product by the pre- 
cipitation of a salt of other ions present in the same solution. 

II. If we assume equilibrium conditions to have existed even without 
substantial evidence, other factors complicate the application of equations (1) 
and (2). Activity coefficients for the ionic concentrations [A*], [B*] and 
[X-] are necessary if the solubility product of these equations is to be used 
as an equilibrium constant which is rigorous over large changes in concentra- 
tion and in the presence of foreign ions at constant temperature and pressure. 
Measured activity coefficients range from approximately 0.01 to over 2 (7, p. 
402). The Debye-Hiickel theory (8, p. 956) may be used to predict activity 
coefficients of some aqueous ions at low concentrations, but if the salinity is 
high, as Holland (12, p. 794) suggests, activity coefficients must be measured. 
In other words, the activity, which is the product of (activity coefficient) x 
(concentration), must be substituted for concentrations in equations (1) and 
(2) for this relation to be valid even at room temperature and 1 atmosphere 
pressure. 

The application of equations (1) and (2) to solutions precipitating mix- 
crystals requires that concentrations be changed to activities and that the 
activity of the solid also be introduced as shown below in equations (4) and 
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(5). Hill, Durham and Ricci (11) found that for certain isomorphous, 
totally ionized salts, the activity of an end member in the solid solution is a 
linear function of the mole fraction present raised to a fixed power even at 
constant temperature and pressure. The salts that were used in this study 
are extremely simple compared to the multicomponent solid solutions that 
characterize many ore minerals. 


An equation for the salts AX and BX in solution 


[A+] + = [X-] (3) 


holds when these ions are the only ones formed by these elements. If either 
of the compounds AX or BX hydrolyzes or forms a complex ion on going into 
solution, the additional ions formed must be added to this equation. Both 
hydrolysis and the formation of complex ions (10) might reasonably be ex- 
pected in an ore solution. Without experimental evidence under conditions 
approximately those of the ore solutions, it is unwarranted to assume the 
presence of specific ions. Hemley (10) found that Pb** formed a sulfide com- 
plex with total solubility far in excess of that predicted from the simple solu- 
bility product. Sandell (18, p. 21) concurs on the unreliability of solubility 
products based on simple ionic forms and cites data by Treadwell and 
Schaufelberger (21), who determined Hg solubility to be 10-7 M (i.e., moles 
per liter) experimentally instead of the calculated 10-** M in H,S saturated 1 
M HCIQ,. It is an experimental fact that S* in solution partially hydrolyzes 
in two steps to HS- and H.S (16, p. 363, 367). 

The information desired is the composition of the ore solution ; therefore, 
the extent of dissociation of each compound present should be considered. 
H.S is only partially ionized; the compound itself is sufficiently soluble in 
H,O without ionization to greatly affect the total solubility (16, p. 189). The 
concentrations of undissociated metal sulfides are probably unimportant in 
terms of the total mineral solubility during ore transport because the calculated 
solubilities of metal sulfides in pure water are several orders of magnitude 
too low for appreciable transport in this manner. 

III. The preceding discussion emphasizes variables important at constant 
temperature and pressure. If the physical conditions are varied, the activity 
coefficients for the aqueous ions must be specified in terms of at least four in- 
dependent variables: pressure, temperature, ionic species and ionic strength. 
In addition, the activity coefficient of the solid phase must be taken into ac- 
count because a defined relationship exists between this coefficient and the 
partial pressure (or, more exactly, fugacity) of the solid phase (16, p. 393; 8, 
p. 683). The activity coefficient of the solid can be expected to change with 
both the amount of solid solution and the temperature over a range which 
cannot, as yet, be accurately predicted from theoretical considerations for 
most ore-depositing environments. For discussions of this subject pertinent 
to ore deposition environments, the following papers are suggested. Adams 
(1) and Goranson (9) review the relations of activity and activity coefficient 
to pressure and temperature. Gibson (6) and Owen and Brinkley (17) have 
discussed the effect of pressure on the solubility of solids in liquids. 
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If only activity coefficients and hydrolysis of the sulfide ion are con- 
sidered, equations (1) and (2) become, for simple divalent metal sulfides of 
the type MS, 


al At++* Ja[S~] 


Bas = Kas (4) 


YBs 


where a is the mean activity coefficient of A**, B** and S*; and 8 and y are 


activity coefficients of the solid metal sulfides. Equation (3), a charge bal- 
ance, is now 


[OH~] + [HS~] + [S~] = [A**] + [B*] + [H*] (6) 


Other equations (a material balance equation, for example) can be written 
describing this solution, but it is not valid to do so without experimental evi- 
dence. Thus other ions such as AHS*, A(OH)*, AS*,, etc., might occur and 
must be included to make these equations accurate. It is apparent, however, 
that the functions relating the aqueous ions are considerably more involved than 
the usual simple equations indicate because they need expansion to include 
activities, hydrolysis, etc., as was shown to be necessary above for equations 
(1), (2) and (3). 

In order to apply the distribution ratio of a trace element between two 
solid solutions to the ore solution, the ratio must be known as a function of 
pressure, temperature and the activities of the ions involved. Hill, Durham 
and Ricci presented a study of a system of this type in an excellent paper (11) 
on isomorphous salts in equilibrium with water. Their derivation of an 
empirical relation is directly applicable, and the paper also contains a discus- 
sion of some of the theoretical implications of their experimental data. 

Although this discussion has been primarily concerned with the difficulty 
of using ratios of ions in mix-crystals for defining the ore solution composition, 
we have generally reviewed the types of problems that need study before 
minerals of any type can be used for this purpose. Several of these problems 
were mentioned by Holland (12) but amplification seemed necessary to 
prevent an impression of unreal simplicity. 

In summary, the physical and chemical conditions that need to be evaluated 
follow : 

(1) Equilibrium conditions must occur during deposition of the minerals. 
In other words, metastable phenomena such as supersaturation or coprecipita- 
tion must not modify conditions of precipitation, or calculations of equilibria 
would be meaningless. 

(2) If the ratio of concentrations of any given element in two minerals is 
to be used for defining the ore solution, the two minerals must have been 
precipitated under physically and chemically identical conditions. In a prac- 
tical sense, this limitation requires either that the two minerals were pre- 
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cipitated simultaneously or that there has been no change in the ore solution 
composition, pressure or temperature between the time of precipitation of the 
first and second mineral. 

(3) There must be no post-depositional changes in the composition of 
mix-crystals used for data on depositional environment though these mineral 
compositions may be far out of equilibrium with subsequent environments. 
Neither exsolution nor solution is permissible although they are favored by 
recrystallization or changes in chemical environment, pressure or tempera- 
ture, especially during slow cooling of deep-seated deposits or heating in later 
metamorphism. 

(4) The relative distribution and types of ions present in the ore solu- 
tion must be known. Specifically, information on the extent to which dis- 
sociation, hydrolysis and complexing take place is important in order to 
estimate the total ionic strength and to ascertain the metal transporting ions. 

(5) Activity coefficients of both the aqueous ions and the mix-crystals need 
to be evaluated as functions of the four independent variables temperature, 
pressure, ionic species and ionic strength. These functions require for 
evaluation an enormous amount of new data obtained under the difficult ex- 
perimental conditions near those at which ore bodies were formed. With 
the exception of some mercury ore transport data (3, 13) there are, at present, 
virtually no experimental data of this type available. 

(6) If sufficient data were available, four simultaneous equations could be 
derived to relate these four independent variables to mix-crystal concentra- 
tion ratios. For a unique solution at least four accurate concentration ratios 
are necessary. These ratios may be of two types: (a) The fractional content 
of one trace element in one mineral may be expressed and used as a ratio pro- 
vided that there is an excess of the trace element present at the time of deposi- 
tion to assure that the mineral is saturated with the trace element at that tem- 
perature and pressure; and (b) the distribution ratio of one trace element be- 
tween two minerals may be used where neither is saturated with the trace 
element. The four ratios required could be measured theoretically for any 
combination of the two types where the distribution ratio could be measured 
for one trace element in several minerals, several trace elements in the same 
two minerals, or any intermediate combination. 

From a practical point of view, the trace element concentration in a mineral 
can be used only when it is sufficiently high for accurate analysis and when 
the mineral can be effectively separated from potentially contaminating foreign 
minerals. In order to use these ratios, the minerals involved must have been 
deposited contemporaneously. It is doubtful whether minerals fulfilling these 
conditions and providing a sufficient number of ratios for the solution of the 
simultaneous equations can be found in actual ore deposits ; however, it remains 
a crucial question and must be investigated. 


GEOPHYSICAL LABORATORY, 
CARNEGIE INSTITUTION OF WASHINGTON, 
WasuincTon, D. C. 
May 23, 1957 
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SCIENTIFIC COMMUNICATIONS 


THE DEPOSITION OF GYPSUM AND ANHYDRITE 
G. VIBERT DOUGLAS AND NORDAU R. GOODMAN 


ABSTRACT 


The evaporites, gypsum and anhydrite, present a problem. Some de- 
posits are predominantly gypsum, in some anhydrite is the chief constitu- 
ent, but others are both gypsum and anhydrite. This paper considers some 
of the controlling physical and chemical conditions in a lagoon and how 
they point towards a solution of the problems. 


A CALcIuM sulfate deposit formed under lagoonal conditions by a concentration 
of marine waters is composed of a great number of extremely thin beds. The 
calcium sulfate is generally interbedded with clay, limestone or other im- 
purities. It can be stated that depending on the dictates of the existing phys- 
ical-chemical conditions in the lagoonal waters and on the lagoonal floor will 
depend the form of calcium sulfate originally deposited and any subsequent 
alterations. The difficulty with the foregoing statement is its all too general 
character, which renders it quite unsatisfactory in the consideration of special 
problems. There is a very real problem in that some deposits are chiefly 
gypsum, others are anhydrite and still others are both. The purpose of this 
paper is to consider certain of these physical and chemical conditions. 

Many writers have advanced theories to explain the dominance of one or 
other of these minerals and the names of Grabau (9), Van’t Hoff, Wallace 
(17), Posnjak (13), King (11), Henderson (10) and Goodman (7) and 
probably many others could be cited. 

Goodman (7, 8) in particular has emphasized the importance of tempera- 
ture and salinity as the controlling factors in the deposition of anhydrite or 
gypsum. His experiments indicate that if the temperature of the lagoon is 
above approximately 40° C, anhydrite will be the stable mineral. If the tem- 
perature be below this value gypsum will be stable. Some deposits are un- 
doubtedly chiefly anhydrite or chiefly gypsum, but as the majority of deposits 
contain beds of both, the problem still remains. 

This paper considers the following physical and chemical factors and their 
influence on the origin of deposits which contain both gypsum and anhydrite : 

1. Temperature. 

2. Pressure after deposition. 

3. Loss of heat through the bottom of the lagoon. 

4. Addition of fresh water with or without accompanying silt from the land 

areas around the lagoon. 
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TEMPERATURE 


Temperature is undoubtedly the most important factor in determining the 
character of the calcium sulfate, i.e., anhydrite, gypsum, hemihydrate, or pos- 
sibly some yet unknown form, but temperature changes due to climate must 
be ruled out, for there is no evidence of either diurnal or seasonal variation. 
Therefore it is necessary to find some way of varying temperature other than 
by climate. 


PRESSURE 


R. C. Wallace in 1914 stated that pressure could not account for the altera- 
tion of anhydrite from gypsum because the molecular volume of a unit mass 
of gypsum was less than the combined volumes of the anhydrite and water 
which might have been pressed out of the gypsum. Therefore, under pressure, 
gypsum remains stable. This view was also taken by N. R. Goodman. M. E. 
Hault and the present writers carried out compression experiments at Dal- 
housie University during 1956 and 1957 that supported this opinion. These 
experiments may be summarized as follows: Three thin brass cylinders with 
internal diameters of 2.87 cm and original heights of 4.77, 4.77 and 4.82 cm 
were designated as A, B, C. Cylinder A was filled with plaster of Paris. 
Cylinder B also filled with plaster of Paris had about 36 holes 1/16” in 
diameter bored on the sides to allow water if any to escape. Cylinder C con- 
tained massive, nongranular gypsum from southern Manitoba, and also had 
side holes. The cylinders were compressed in the Riehle machine of the Nova 
Scotia Technical College with the kind assistance of Professor Mazur. The 
final results were as follows: 


Pounds — Internal Equivalent 
Speci “he i y y 
\ 7,000 3,125 & 10° 2.87 4,830 10° 214 X 10° cms 
or 7,000 feet 
B 12,900 | 5,759 X 108 2.87 8,901 xX 105 395 X 10° cms 
or 12,900 feet 
Cc 19,000 8,482 x 108 2.87 | 1,224 « 108 543 X 10° cms 


or 17,800 feet 


The material from these tests was then examined by index liquid microscopic 
technique and no anhydrite was seen. 

A second experiment was performed on a single specimen of Amaranth 
gypsum. The specimen had the same appearance as that used in cylinder C 
but was from another locality. This piece of gypsum was fitted into an 
hydraulic press used for mounting polished sections in bakelite. It was fitted 
closely to the chamber with blotting paper packing surrounding it. A pressure 
which ranged from 1,000 Ibs to over 6,000 lbs was applied for twenty days. 
Upon removal the specimen had lost its selenitic appearance and had become 
granular but no anhydrite could be detected. 
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LOSS OF HEAT THROUGH THE BOTTOM OF THE LAGOON 


The effect of loss of heat through the bottom of a lagoon was calculated 
by use of a Fourier series, as given in the Metallurgists’ and Chemists’ Hand- 
book, compiled by D. M. Liddell (1918). 

The curves of heat penetration are shown in Figure 1. It is assumed that 
the temperature of the ground is 20° C, and 70° C is reached in the brine. 

Justification for this temperature is based on the observations of Kalec- 
zinzky (cited by Grabau, 9)—‘in his studies of the Hungarian salt lakes 
(he) found that while the surface water of the lake, which was essentially 
fresh, had a temperature of 21° C, the brine at a depth of 72 cm, which had a 
salinity of 240 per mille, had a temperature of 56° C, while elsewhere tempera- 
tures of 70° C or over were recorded for the deeper lying brines of salt lakes.” 


Conductivity Specific Heat Density Diffusivity 
(Pressure constant) 
Gypsum 0003! 0246 232 000542 
Anhydrite 0.0123 0124 297 000335 


Temperature ( Centigrade ) 


Metres 


Fic. 1. 


This observation may easily be proven by taking two flat glass vessels, one 
filled with fresh water and one with brine. If these are put one in front of 
the other in the path of a beam of light the result will be as follows: If the 
fresh water is near to the source of light so that the rays reaching the salt 
water have passed through the fresh, the temperature of the salt water will be 
the higher. If now the bottles be reversed, the temperature of the salt water 
will still be higher than that of the fresh. 

The explanation lies in the fact that the radiant heat plays a more important 
part than the conducted heat. This form of energy can pass through a medium 
that is transparent to that wave length and heat up a more saline solution 
due to its lower specific heat. Thus a lagoon can accumulate more heat during 
the day than it loses at night under the blanketing effect of the less saline 
surface layer. 

If a fine silt is added to the fresh water and the bottle is shaken so 
that the silt is dispersed in the water, and this bottle be placed in front of the 
one containing the brine, the temperature of the muddy water will rise and be 
greater than that of the salt water. 

These two cases are represented in nature by freshets of water from the 
land. If the water is clear, it will spread out over the lagoon and the tempera- 
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ture at depth will rise, as observed by Kaleczinzky. If however the water is 
charged with silt it will act like an insulating layer over the surface of the 
lagoon, or a portion of that surface. 

If the brine at a temperature of 70° C is in direct contact with wet clay, the 
heat will penetrate to about 25 meters after a year (31.5 x 10° secs). 

If, however, there are layers of either anhydrite or gypsum covering the 
floor of the lagoon the penetration in the same time will only be 15 meters. 
The curves also show that if a series of layers of anhydrite had been deposited 
on the floor and these covered by the brine at 70° C, a temperature of over 
40° C would be maintained in the anhydrite down to a depth of 3.7 m and 
therefore below that depth, if interstitial water were present, gypsum could be 
formed from the previously deposited anhydrite. (Critical temperature 
40° C.) 

If the previous deposition had been a series of gypsum beds with the same 
temperature conditions a thickness of 4.9 m would prevent the temperature 
of the upper layers falling below 40° C and therefore the gypsum beds, if there 
is interstitial water, could change to anhydrite. 

In these calculations it was assumed that the high temperature of the brine 
might be held for one year. If this figure is considered too short, the values 
for heat penetration to a depth of 25 m for clay, gypsum, and anhydrite are 
as follows: 


Temperatures 
Material After 10 years After 100 years 
Clay 40°C 58.5° C 
Gypsum 29°C $3.5° C 
Anhydrite 24.5° C 


ADDITION OF FRESH WATER, WITH OR WITHOUT SILT 


The observations of Kaleczinzky have already been referred to and the 
effect of radiation through a layer of fresh water has been shown to raise the 
temperature of the brine. It is now necessary to consider the case of silty 
water. It was shown in the experiment with the beam of light that silty fresh 
water will absorb radiant heat. Two possibilities therefore must be dealt with: 

1. Lagoonal waters at an initial temperature of about 40° C.—Anhydrite 
will be the normal mineral that will be precipitated. When the silty water 
enters the lagoon the temperature of the brine will fall because the silt will 
absorb the radiant heat and therefore gypsum and silt may be deposited over 
the anhydrite. This masking of the anhydrite may bring about alteration of 
the anhydrite both above and below the thickness of 3.7 m as indicated in 
Figure 1. 

2. The lagoonal waters are initially at a temperature of less than 40° C.— 
Gypsum will be the stable precipitate. Again as dealt with under factor three, 
a layer of fresh water may raise the temperature so that anhydrite will be de- 
posited on the gypsum. If the water is silty the temperature will fall and 
more gypsum and silt will be deposited on the early gypsum. 
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For convenience only two of the many possible types of deposit are con- 
sidered here ; these will be called 


A. The Nova Scotia type. 

B. The Amaranth type of Manitoba. 

A. The typical Nova Scotia type in its simplest form has the following 
section : 


Surface 


Gypsum 
Anhydrite 


Basement 


From the foregoing discussion it follows that such a section indicates a 
lagoon initially at 40° C* in which the precipitated sulfate will be anhydrite. 

If fresh silty water now enters the lagoon, the radiant energy will be ab- 
sorbed in the upper layers and the temperature of the lagoon will fall. When 
the temperature falls below 40° C* gypsum will be deposited. It must be 
emphasized that regardless of which form is originally deposited it is still 
subject to alteration to any other form of calcium sulfate, if interstitial water 
is present, with changed conditions in the body of the accumulating sediments. 
B. Amaranth type. The section at Amaranth is: 


Surface 


Overburden 94 feet 
Gypsum with clay (limy) bands 33 feet 
Anhydrite 4-6 feet 

Gypsum 9 feet 


Basement 


There are two ways of explaining this deposit: 
(i) If the lagoon has an initial temperature of less than 40° C gypsum will 
be deposited. An influx of fresh water combined with the insulating effect of 
the gypsum floor will cause the temperature to rise as observed by Kaleczinzky, 
and anhydrite becomes the stable mineral and is deposited on the gypsum. 
If the fresh water now becomes silty the temperature will fall and gypsum and 
silt will be deposited. 
(ii) If the lagoon was initially at a temperature of 40° C or over anhydrite 
will be deposited. Silty water then entered the lagoon and the deposition over 
; the anhydrite was gypsum and silt. At the same time the temperature below 
the anhydrite fell by conduction into the floor and the lower part of the 
anhydrite horizon recrystallized to gypsum. 
One of the joint authors (G. V. D.) favors the former explanation. 
The other author (N. R. G.) believes that it is possible to explain both 
types on the assumption that they were originally laid down as anhydrite. 
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If this were so in the Nova Scotian type, and for want of evidence we are 
forced to this view, the necessary high temperature can only be maintained 
under the lagoon. If the saline waters are removed, either by drainage or 
lack of supply and complete evaporation, the temperature must fall and inter- 


stitial waters concentrated in the upper horizon will transform the anhydrite 
to gypsum. 


section cress lagoon showing isctherms and reversed thermal gredient 


Fie. 2. 


In the Amaranth type the bottom horizon is below the transition tempera- 
ture isotherm (Fig. 2) while interstital water was still present and therefore 
gypsum formed. If water is not present the anhydrite will re-1ain. It is 
interesting to note that in this picture gypsum is forming at the bottom of 
the deposit while anhydrite is still being added from the lagoon. Subsequent 
removal of the lagoonal waters will bring about alteration of the top horizon 
in the same manner envisaged for the Nova Scotia type, thus producing 
gypsum above and below anhydrite. 


DALHOUSIE UNIVERSITY, 
Hawirax, Nova Scotia, 
April 30, 1957 
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DISCUSSIONS 


LOWER PALAEOZOIC MINERALIZATION NEAR BATHURST, 
NEW SOUTH WALES 


Sir: The article by R. L. Stanton (Econ. Geot., v. 50, no. 7, p. 681-714, 
1955) on Lower Palaeozoic Mineralization Near Bathurst, New South Wales, 
points out that “an obvious negative feature of the distribution of ore is its 
apparent lack of any relationship with broad geological structure.” 

An examination of the geological map published with the article suggests 
otherwise if “a regional view” is taken. The greatest concentration of ore 
deposits is in the Cow Flat area where definite changes in strike of the Rockley 
Synclinal and the Brennan Anticlinal axes occur. Ore deposits in the Wise- 
man’s Creek-Essington portion of the district seem to be related to changes in 
the strike of fold axes. 

In places Stanton has found that “deposition of the sulphides has been 
partly guided by small-scale metamorphic structures such as flow and fracture 
cleavage.” Perhaps the ore-bearing fluids were guided by these smaller struc- 
tures and not by large fractures. 

Detailed mapping (the author says an areal reconnaissance was under- 
taken) may reveal that geological structures should be given more credit as 
an ore control. 

It would be interesting to know if the author noticed whether the ore 
minerals showed a preference for textural differences of the pyrite. 


Hector J. Warp 


MENLO Park, CALIFORNIA, 
May 7, 1957 


MINERAL RESERVES AND MINERAL RESOURCES 


Sir: With reference to the discussion by Q. G. Whishaw in the May issue, 
it is not correct to deduce that, if the chance of finding a million tons of ore 
in one trial is one in five, there is a certainty (probability of 1) of finding it in 
five trials. The probability is analogous to that of, let us say, getting at least 
one six in five throws of a single die. This latter probability is the difference 
between 1, and the probability of failing on five successive throws, which is 
given by 5°/6° or 3125/7776. The probability of success at least once in five 
tries is then 1—3125/7776 or 4651/7776. For the case of ore hunting, the 
probability of failure on one try is 4/5, the probability of five successive fail- 
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ures is 4°/5° or 1024/3125. The probability of success is then 2101/3125 or 
.673. This is the sum of the probabilities of succeeding once, twice, thrice .. . 
5 times. 


Rosert R. Coats 
MENLO Park, CALIF., 
June 13, 1957 


PROFESSIONAL ETHICS AND CONDUCT FOR 
ECONOMIC GEOLOGISTS 


Sir: I have read with interest the discussion by D. M. Davidson on “Pro- 
fessional Ethics and Conduct for Economic Geologists” in the May issue Gf 
the Economic GEo.ocy. 

While agreeing generally with the conclusions of the professional ethics 
committee (Economic Groxocy, No. 5, 1955) and Mr. Davidson, I do not 
agree that we should not continually try to spell out our rules of conduct. 
One of my great concerns as a teacher is the problem of indoctrinating my 
students in ethical attitudes; this is extremely difficult so long as these are 
kept on an abstract and nebulous plane. 

May I suggest that we use a device long used in business and law colleges 
—the case method? That this is a satisfactory working technique for deriving 
a code scientifically from factual problems has been proven by the success of 
the code of the American Psychological Association. 

A questionnaire was submitted to all members of the APA, asking for 
descriptions of problems arising from personal experiences. These were 
then analyzed, classified, and, finally, codified, and now form a “case book” 
which can handle almost every situation, while at the same time being a valu- 
able tool for student indoctrination. This is a code built on an objective base, 
from actual problems, not the conclusions of a few committee members, no 
matter how esteemed and experienced they may be. 

Should the SEG attempt such a project, I have a few personal experiences 
I would like to contribute! 

Joun ALLEN 


PorTLAND STATE COLLEGE, 
PorRTLAND, OREGON 
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Two Glossaries of Geology: 


American Geological Institute Glossary of Geology and Related Sciences, Coor- 
dinating about 14,000 items, 325 p., 6—USDol. 


Murawski, H. (Beringer-Murawski) (1957). Geologisches Worterbuch. Fourth, 
considerably changed edition. VIII + 203 p., 59 figures, V tables. Soft cover 
17.— D.M., hard cover 19.50 D.M. 


These two glossaries of geological sciences can well be reviewed together since 
they were published at about the same time and the advantage of one corresponds 
to the disadvantage of the other. Both glossaries are extremely useful and all 
branches of the earth sciences must be grateful to the American Geological Insti- 
tute and to Dr. Murawski for the fine pieces of work that made available glossaries 
without which no student can accomplish his task except with a considerable loss 
of time. 

The excellent quality of these two books and the fact that they are the only 
geologic glossaries of their kind available on the market make them a must for a 
good library of any earth scientist. The printers must be congratulated for the 
accomplishment of neat printing and particularly for the clear arrangement of both 
the figures and tables (in Beringer-Murawski) and the various definitions (in 
both glossaries). 

Editors of glossaries have to choose one of many different forms that can be 
given to a collection of terms of a science. The steering committee of the AGI 
glossary project has decided to include as many terms as possible and to omit any 
figures and tables. The AGI glossary therefore tends more towards a dictionary 
type book whereas the Beringer-Murawski glossary leans towards the illustrated 
encyclopedia or even to the text book type. With its 59 figures, clear and as simple 
as the subject allows, it can be recommended to the English-speaking earth scien- 
tist as an introduction into German geological terminology. Many of the longer 
explanations and definitions afford excellent texts for scientific reading assignments. 

This particular characteristic of the Beringer-Murawski glossary is naturally 
connected with the restricted number of terms defined, the only real disadvantage 
of this book. With the tables, it includes approximately 8,000 terms. However, 
not counting strictly German words, it contains about 200 internationally used terms 
which are not listed in the AGI glossary. A cross check for the next editions 
will be of advantage to both glossaries. 

Editing a glossary is more difficult a task than it seems when we have the 
neatly bound book in our hands. If, in the following paragraphs, I shall list some 
shortcomings, this does not enhance any of the positive statements made above. 
A good review should always offer some suggestions for a future edition. Of 
course no two editors would write a book exactly in the same manner, particularly 
not a glossary. Thus many of my suggestions are a matter of opinion. 

In the Beringer-Murawski glossary the definition of the term Sonnenbrenner 
(or Sonnenbrand) is too narrow. For a better definition see de Quervain-von 
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Moos, Technische Petrographie, p. 135. Necks (p. 121) do not consist only of 
basic but as well of intermediate or acidic volcanic rocks (Devils Tower, for 
example). Among the causes for orogenesis the newest and scientifically best 
founded theory, the degassing theory of T. F. W. Barth, should also be mentioned. 
The term Palingenese should be woven into the explanation of granitization. The 
accentuation of the Greek words is inconsistent. Some words have an accent some 
do not. Some show even two (-olxi\os), and some show a final accent before the 
colon, some a continuation accent. 

The real disadvantage of this German glossary is the restricted number of terms. 

The opposite is true for the AGI glossary: the very large number of terms is 
one of its greatest advantages. On the other hand, the biggest drawback of the 
AGI glossary is the lack of etymological derivations. The Beringer-Murawski 
glossary always gives the original Greek, Latin, etc., word and this is certainly 
most useful! 

It is a generally accepted practice to derive new terms from Greek or Latin 
roots. If our science is to grow it certainly will need and has at all times during 
its history needed new terms. Generally earth scientists are not too nationalistic 
but feel enough as citizens of the earth they are studying so as not to cast a new 
term in their own language but, instead, in one of the old classic languages recog- 
nized internationally as the basis of western culture. It is therefore deplorable 
that the etymological derivations of our geological terms are not given. Probably 
all other sciences—see for example B. D. Jackson’s Glossary of Botanic Terms 
(1953)—and even a popular College Dictionary like the Merriam-Webster, give 
the original word or root. It is unfortunate that the attitude of Dr. A. Johannsen 
and of the late Professor Bryan of Harvard University did not spread very far. 
It is recommended that the AGI initiate a small project in order to set up an 
etymological key which can be printed as a supplement to the glossary. Other 
items are: 

The spilite definition is presented as if there was no spilite problem. 

The definition of “replacement deposit” is contaminated with a controversial 
statement, namely that “such a deposit is not infrequently a disseminated deposit.” 
Again: the student should be shown the problem by giving both or most of the 
important views, instead of one only. Excellent examples along this line are the 
definitions of granitization, the keratophyre, and the name Keweenawan, where the 
problem existing is woven into the definition. 

The different types of geosynclines might have been listed under that term, 
since various of them are defined (miogeosyncline, orthogeosyncline, etc.) else- 
where in the book. 

On p. 158, under Kakirite, phacoids are defined as augen. On p. 218 only the 
adjective is listed and defined as lenticular, having the shape of a lens. Other 
cross checks reveal numerous similar discrepancies. 

On p. 215 Penitent snow is incorrect and should read Snow penitents. 

The definition of “Niggli number” is wrong and contradicts therefore the cor- 
rect definition given for “Niggli’s molecular norm.” 

The series of chorismitic fabric terms (megapolyschematic rocks) is somewhat 
mixed up and Niggli’s intention misunderstood. The merit of this new terminology 
is just the liberation of fabric terms from genetic or compositional connotations. 
Thus the statements on p. 50, 283, under chorismites is not correct. Sederholm’s 
original definition does have a genetic connotation, Niggli’s does not. A more 
uniform treatment of this new and handy group of terms would be highly de- 
sirable. All should be referred to as subdivisions of chorismites. Also, examples 
would help very much and make the lengthy descriptions which are not always 
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correct, unnecessary. Typical merismites are, for examples, the breccia ores of 
the Tristate district, the fragmental flow tops of Keweenewan lavas, and the 
brecciated iron deposits of Michigan. From the description of phlebites and 
merismites it could be concluded that they are the same thing. The description of 
nebulite does not refer to the group term chorismite. The definition of nebulitic 
makes the reader believe that the transitions between stromatites, phlebites, nebu- 
lites, ophthalmites, and miarolithites are all nebulitic. There are transitions between 
all these types, although some are very rare. But these transitions are not all 
nebulitic. They are described for example as rocks with a stromatitic to phlebitic 
fabric or an ophthalmitic to miarolitic fabric, etc. As a whole, Niggli’s new 
classification is not nebulous as it seems from the comparison of the definitions in 
the AGI glossary. It is very useful and eliminates the awkward situation older 
terminologies created. because most of the old terms force us to commit ourselves 
immediately regarding the origin of a rock or a phenomenon. The word ophthal- 
mite, correctly spelled on page 60, is mis-spelled on page 204 so that the reader 
will not find it because it is arranged according to the wrong spelling. This would 
not have happened if the etymological origin would have been given. 

A few other terms proposed or re-defined by P. Niggli (1954) are not included. 
For example the terms kyriosome, akyrosome, palaeosome, neosome. These terms 
again are very useful whenever a description should be given without an immediate 
commitment regarding the origin of a fabric or a rock as a whole. And even more 
so because there are no English terms for the very handy words “Altbestand” and 
“Neubestand.” 

The origin of special terms should be referred to more often. The term Aa 
and Pahoehoe are reported to be Hawaiian, and the origin of the word somma is 
explained at length. It would be useful to know the origins of many other terms, 
like, e.g., miarolitic. 

Stereographic projection is not only applied in mineralogy, but as well in 
astronomy, structural geology, engineering, and mining geology. A definition 
which is good for all fields in which this projection is applied, would read for 
example: “A projection of poles on the opposite hemisphere from either pole, on 
the equatorial plane.” It is not the projection made on a (any) plane through the 
center of a sphere. The projection plane must be the equatorial plane, except for 
special operations which are equivalent to changes of the projection plane. Also, 
if the Schmidt met and Lambert projection is defined and even described on 18 
lines, the Wulff-nets sold by at least five firms in the United States should be 
mentioned too. 

These minor shortcomings, of course, do not inhance the indispensability of 
both Glossaries and they can only be recommended to a zealous student in geology. 

G. C. Amstutz 

Missouri ScHoor oF MINEs, 

Roiia, Missouri, 
Aug. 15, 1957 


The Dark Missouri. By Henry C. Harr. 
of Wisconsin Press, 1957. Price, $6.00. 


This is a story of the Missouri river basin, of the Missouri River Project, and 
proposals for governing the water resources of the basin. It deals with an area that 
is one-sixth of the United States—Montana, Wyoming, Colorado, the Dakotas, 
Nebraska, and the plains states. It deals with the problems of rainfall, lack of 
rainfall, floods, dams, power, wind erosion, of reclaimed land and of lost land. It 


Pp. 260; figs. 15, maps. 16. Univ. 
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treats of the government programs with its huge expenditures and criticizes many 
of them for their ineffectiveness. The author recommends a new approach to 
governing water supplies of the Missouri basin. The book is informative and 
interesting and is a worthy contribution to the economy of the nation. 


The Word Finder, and The Phrase Finder, compiled and edited by J. I. Ropave, 
with collaborators E. J. FLuck and others. Pp. 1317, and 1325. Rodale Press, 
Emmaus, Pa., 1957. Price, $6.95 each. 


These two large books appear as a pair. The Word Finder is stated on the 
jacket to be “a new method—the quick easy way to find the right adiective, verb, 
or adverb for your purpose—not a synonym book.” Dr. Fluck states in the 
preface that this volume is a revised and enlarged edition of three books now out 
of print, namely the Verb Finder, the Adjective Finder, and the Adverb Finder. 
He states that it is not a book of synonyms or a thesaurus and does not merely 
yield a substitute word but an augmentative word that embellishes and adds to the 
idea. He cites as an example the word large with which the user is taught to de- 
scribe how large by such words as incalculably, incredibly, preposterously, over- 
whelmingly, prodigiously, etc. He states also the business, droops, expires, falters, 
founders, simmers, and succumbs,” and further that under business the user is also 
referred to occupation, trade, concern, enterprise, industry, work, commerce, etc. 

Nouns, verbs and adverbs are listed alphabetically. Under hill, for example, 
the book will furnish adjectives such as gleaming, moon-swept, etc., or verbs as 
encroach, flank, interpose, etc. 

The first word in the book is abandon, and under it are 34 adjectives; this is 
followed by abandon (verb) followed by 34 adverbs; next is abandoned (adverb), 
with 22 adverbs; and so on for 1,317 pages. The user can sharpen up sentences 
and be given a large choice of words. 

The companion book The Phrase Finder consists of three books in one, the 
first being a Name Word Finder, of which Part I is a dictionary of biography, 
mythology and literature, and Part II is biographical explanations. The second 
book is Metaphor Finder, and the third is Sophisticated Synonyms. In the second 
book under individual words are a group of metaphors. For example under hurry 
one finds 33 phrases such as whisk around, fly on the wings of the wind, etc. The 
Sophisticated Synonyms are a group of phrases that serve as synonyms, and at the 
end of each group the reader is directed to other words that bear on the subject. 

The two volumes will prove of great aid to all who wish to write. It is par- 
ticularly recommended to science students whose writings are generally less facile 
than others with more training in English. 


F. A. Vening Meinesz Volume. Koninklijk Nederlandsch Geologisch-Mijnbouw- 
kundig Genootschap. Geol. Series Vol. 18. A van Weelden, Editor. Pp. 309; 
maps. N. V. Boek- en Kunstdrukkerij V/H Mouton and Co., ’S-Gravenhage, 
Holland, 1957. 


This book is contributed by 32 authors to honor the great Dutch scientist Vening 
Meinesz. The contributors come from the Netherlands, United States, France, 
England, Germany and Japan. The subjects are those in which Vening Meinesz 
was most interested, in geodesy, geophysics, and geology. Each article is by an 
eminent scientist in his field who was glad to contribute because of his respect for 
the scientific work of Vening Meinesz. They cover isostasy, terrestrial cycles, 
density in the earth, marine gravity observations, gravity anomalies, plastic buck- 
ling, temperature inversions, earthquakes, basin filling, petrography, azimuth de- 
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terminations, radio activity, and turbidity currents. It is an authoritative volume 
on these subjects and should have a place in every library. 

The frontispiece is a colored reproduction of a portrait of Vening Meinesz in 
his library. 


Mineral Deposits of Central America. By Ratpu J. Roperts and Ear. M. 
Irvinc. Pp. 205; figs. 15; maps 16. U.S.G.S. Bull. 1034, Washington, D. C., 
1957. 


This Survey bulletin, long delayed, is based upon work started by members of 
the U. S. Geological Survey under the auspices first of the Department of State 
and later of the Foreign Economic Administration. Mr. Roberts spent the first 
4 months of 1942 in the area under the auspices of the Department of State and 
from December, 1942, to May, 1945, for the Foreign Economic Administration, 
and Mr. Irving was attached to the F.E.A. from December, 1942, to February, 
1945, having earlier spent some time in gold work in Honduras. During these 
periods both authors were engaged in the foreign strategic mineral program of the 
F.E.A., which took them to most mines, prospects, and mineralized areas through- 
out Central America. Others also contributed some of the material. 

The bulletin deals with the geography, geology, structure and ore deposits of 
Central America. The deposits considered are antimony, chrome, copper, iron ore, 
lead-zinc, manganese, mica, quartz, quicksilver, gold, silver and tungsten. The 
occurrences of each country are given under each ore. Roberts is responsible for 
the text and for the compilation of the large colored geologic map on a scale of 1 to 
1 milion. 

The production of minerals other than gold and silver has been quite small. 
A little chromite, quartz, mica and antimony were produced during World War II. 
Copper prospects are numerous but none has yet been produced. The manganese 
production is of the past. Lead and zinc are now actively being developed. 

The bulletin is a fine detailed summation of the mineral resources of this region, 
and the box of maps accompanying it give added geologic knowledge of this little 
known region. 


BOOKS RECEIVED 
JAMES M. ALLEN AND JOHN W. SALISBURY 


Contribuigao ao Estudo dos Caulins—Morfologia tubular de certos caulins 
brasileiros. Y.S. Visconti, B. N. F. Nicot, E. GouLArt p—E ANpRADE. Pp. 64; 
figs. 90. Ministério do Trabalho, Industria e Comércio, Instituto Nacional de 
Tecnologia, Rio de Janeiro, 1955. Detailed electron micrograph and x-ray studies 
of kaolinite and halloysite. 

The Mascall Fauna from the Miocene of Oregon. Turopore Downs. Pp. 155; 
pls. 7; figs. 50; thls. 34. Price, $2.50. University of California Publications in 
Geological Sciences Vol. 31, Berkeley and Los Angeles, 1956. Three assemblages 
of fossils from the type Mascall area, Crooked River area, and Gateway area in 
central Oregon contain identical taxonomic units and are considered to belong to 
the Mascali fauna. New and undescribed specimens reviewed and figured. 
Report on the Prospecting Work Carried Out in Wadi Hamata Area-South 
Eastern Desert, 1953-1954. Nessim, Monrr FaAnim, Monamen S. AFIA 
and Aumep A. Fopa. Pp. 90; figs. 22. Price, P.T. 115. Mineral Research Sec- 
tion, Mines and Quarries Dept., Republic of ~ __ pt, Cario, 1954. 
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Geological and Tectonical Relations of the Coal Bearing Formations of the 
Senjsko-Resavski Mines and the Surrounding Area. Boristav V. Maxsimovic. 
Pp. 104; pls. 6; figs. 37. Iovan Zuyvich Geological Institute, Belgrade, 1956. 

Principles of Water Rights Law in Ohio. C. C. CaLtLtanan. Pp. 34; figs. 2. 


Dept. of Natural Resources, Division of Water, Columbus, 1956. Clear examples 
of law’s application. 


Service de la Carte Géologique de L’Algérie—Alger, 1956-57. 
Bull. 9. Etude Géologique de la Feuille au 1/50.000° D’Ain M’Lila. Cuxris- 
TIAAN BENJAMIN BAr. Pp. 243; pls. 2; figs. 55. Stratigraphy and structure of 
Mesozoic and Tertiary strata of central Algeria. In French. 


Bull. 10. Etude Géologique de la Région de L’Ouenza. G. Dusourpiev. Pp. 
637; pls. 22; figs. 89; tbls. 26. Detailed stratigraphy, structure. Description of 
replacement type from iron deposits in limestone. In French. 

Bull. 11. Etude Géologique des Monts de la Haute Medjerda. Louis Davin. 
Pp. 295; pls. 23; figs. 88. Stratigraphy and structure of Triassic to Quaternary 
rocks in northern Algeria. In French. 


Western Australia Geological Survey—Perth, 1955-56. 
Report of the Geological Survey for the Year 1952. Pp. 48; pls. 13; figs. 7. 
Reports on deposits of radioactive minerals, coal, gold, bentonite, manganese, silica 
sand, talc and spodumene. Water supply papers. 
Report of the Geological Survey Branch for the Year 1953. Pp. 58; pls. 14; 
figs. 15. Reports on deposits of spotumene, gold, titanium, lead, manganese, 
uranium in phosphate, molybdenite, bornite. Water supply papers. 


Bureau of Mineral Resources, Geology and Geophysics—Australia. 
Mineral Resources of Australia. Summary Report No. 34. Potassium. Pp. 


19; figs. 2; tbls. 8. Bureau of Mineral Resources, Geology and Geophysics, Can- 
berra, 1956. Uses, distribution of deposits and production in Australia of potassium 
salts. No present production. 

The Australian Mineral Industry—Quarterly Review and Quarterly Statistics. 
Vol. 9, No. 4. Pp. 82; tbls. 18. Price, 3 sh. Melbourne, 1957. Statistics of min- 
eral production in Australia for the year 1956. 


University of Sydney Department of Geology and Geophysics—Sydney, 
Australia, 1954. 

The Tangorin High Organic Sulphur Seam. C. E. Marsnwart and A. Dray- 
cott. Pp. 66; pls. 10; figs. 20; tbls. 24. Geologic environment and character of 
the coal seam; chemical and mineral composition of the coal; possible utilization. 
Production of Low Sulphur Coke from High Sulphur Coals. A. Draycorr. 
Pp. 15; figs. 7; tbls. 8. Sulphur removed by passing mixtures of various gases 
over the coke. 
Regional Gravity Investigations in the Eastern and Central Commonwealth. 
C. E. MarsHatt and H. Narain. Pp. 100; figs. 39. Application of gravimetric 
methods to the interpretation of geologic structure, crustal thickness, intrusions. 
Vitrain: Fusain. C. E. MArsHALt and A. Draycott. Pp. 68; pls. 5; figs. 24; 
tbls. 19. Physical, chemical study of the vitrain: fusain constituents of coal. 

Divisao de Geologia e Mineralogia—Rio de Janeiro, Brasil, 1954~56. 
Bol. 149. Restos Vegetais Fésseis e Tecténica da Bacia Calcarea de Itaborai, 
Estado do Rio de Janeiro. Kart Beurten and F. W. Sommer. Pp. 27; pls. 11. 
Paleocene fossil ulmaciae described. 
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Bol. 151. Geologia das Quadriculas de Recife e Pontas de Pedra. P. E. pe 
Oviverra and J. R. pe AnprapE Ramos. Pp. 60; pls. 2; figs. 4; thls 1. Two 
separate geologic maps. Scale 1: 100,000. 


Bol. 152. Horizontes Fossiliferos das Camadas Serra Alta do Paranda. Kari 
Beurten. Pp. 30; figs. 3; tbl. 1. 


Bol. 153. As Formagées Gondwanicas do Sul do Estado do Parana. Kari 
BeurLEN. Pp. 52. Separate geologic map, scale 1: 250,000. 


Bol. 154. Geologia das Quadriculas de Campos, SAo Tomé, Lagoa Feia e 
Xéxé. A. R. Lameco. Pp. 60; figs. 31. Two separate geologic maps, scale 
1: 100,000. Region essentially deltaic. New type of delta described. 

Bol. 155. Ocorréncia de Folhelho Fossilifero Cretacico no Municipio de 
Presidente Olegario, Minas Gerais. E. P. Scorza and R. Da Sitva SAnTos. 
Pp. 27; pls. 4; figs. 3. Fish fossils (genus Dastilbe) confirm Cretaceous age previ- 
ously based solely on lithology and long questioned. 

Bol. 156. Agua Subterranea no Piaui. Witnetm Kecer. Pp. 60; figs. 7; tbls. 
15. Occurrence, quantity, and quality. 


Bol. 157. Geologia do Fosfato de Pernambuco. WiLHetmM Kecer. Pp. 54; 
figs. 10; tbls. 1. 


Bol. 158. Frutos de Nipa no Paleoceno de Pernambuco, Brasil. Exias 
Doiianiti. Pp. 39; pls. 6; figs. 1. Several hypotheses presented to account for 
presence of Paleocene palm nuts. 

Bol. 159. Foraminiferos Recentes de Cabo Frio, Estado do Rio de Janeiro. 
IvAN DE Meperros Tinoco. Pp. 42; pls. 4. Forty species of Foraminifera iden- 
tified, of which four are new. Two of the new species belong to a new genus. 


Bol. 160. As Inconformidades na Bacia do Parnaiba e Zonas Adjacentes. 
WILHELM KeceL. Pp. 59; figs. 15. 


Bol. 161. Melastomataceae Fésseis da Bacia Terciaria de Fonseca, Minas 
Gerais. Letia Duarte. Pp. 28; pls. 2; figs. 3; tbls. 1. Two new species of 
Melastomataceae described. 


Relatérios Anuais do Diretor 1946-1947-1948-1949-1950. Pp. 187. 
Relatério Anual do Diretor Ano de 1954. Pp. 119; figs. 2. 
Relatério Anual do Diretor Ano de 1955. Pp. 125; pls. 7; figs. 6. 


California Department of Natural Resources, Division of Mines—San 
Francisco, 1956-57. 


California Journal of Mines and Geology. Vol. 53, Nos. 1 and 2. Pp. 343, pls. 
7; figs. 75. Two reports dealing with a pyritic replacement type copper deposit at 
Island Mountain and the gold, silver, tungsten, copper, lead and zinc occurrences 
of Mariposa county. 


Special Rept. 47. Economic Geology of the Bishop Tungsten District, Cali- 
fornia. P. C. BateMAN. Pp. 87; pls. 14; figs. 27; photos 14. Price, $4.00. 
Distribution, genesis, mineralogy production of contact metamorphic tungsten 
deposits in east central California. Pumice and perlite are other economic products 
of the area. 


Special Rept. 48. Economic Geology of the Casa Diablo Mountain Quad- 
rangle California. C. Dean Rinenart and D. C. Ross. Pp. 17; pls. 5; figs. 4. 
Price, $1.00. Areal geology and description of scheelite-bearing tactite deposits. 
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Idaho Bureau of Mines and Geology—Moscow, 1957. 


County Rept. 2. Mineral Resources of Latah County. Cartes. R. Hupparp. 
Pp. 28; pls. 2. Placer gold has been the most important mineral product. Possible 
sources of clay, mica, sillimanite, silica, garnet, stone, sand and gravel are described. 
Mineral Resources Rept. 7. Uranium and Thorium-Bearing Minerals in 
Placer Deposits in Idaho. J. H. Mackin and D. L. Scumipr. Pp. 9; fig. 1. 
Minerals present, factors affecting their concentration into payable placers. 
Mineral Resources Rept. 8. Radioactive Minerals in Idaho. E. F. Coox. Pp. 
5. Description of occurrence of uranium and thorium in views, pegmatites, phos- 
phate rock, in volcanics and placers. Estimated value of uranium reserves in the 
mineral portion of the Phosphoria formation given as $784,000,000. 

Geological Survey of Japan—Hisamoto-ché, Kawasaki-shi, 1956-57. 
Explanatory Text of the Geological Map of Japan. Tobetsu (Sapporo-13). 
TosH1IHIRO KAKIMI and TAKESHI UEMURA. Pp. 23; fig. 1; tbls. 2; geologic map 
1: 50,000. Quaternary stratigraphy of central Hokkaido. In Japanese; summary 
in English. 

Explanatory Text of the Geological Map of Japan. Hamamasu (Asahikawa- 
50). Mitsuo Hata and SHoicu1 YaMAGucui. Pp. 34; pl. 1; figs. 2; tbl. 1; 
geologic map, 1: 50,000. Surficial geology of Quaternary volcanic terrain in west 
central Hokkaido. In Japanese; summary in English. 

Explanatory Text of the Geological Map of Japan. Funatsu (Kanaza-wa-44). 
Hrrosur Isomi1 and Tamotsu Nozawa. Pp. 51; fig. 1; geologic map, 1: 50,000. 
Areal geology of sedimentary, metamorphic and igneous terrain in north central 
Japan. Gold, lead-zinc, graphite and pottery and stone have been mined in the 
area. In Japanese; summary in English. 

Explanatory Text of the Geological Map of Japan. Mitsuke and Kakezuka 
(Kydto-60.71). Jiro MAkiyAmi and Toru SAKAmoto. Pp. 50; figs. 24; tbls. 4; 
geologic maps (2), 1:50,000. Mesozoic, Tertiary and Quaternary stratigraphy of 
central Japan. In Japanese; summary in English. 

Explanatory Text of the Geological Map of Japan. Kusatsu (Niigata-98). 
Ryoner Ora. Pp. 83; pls. 4; figs. 13; geologic map, 1: 50,000. Physical geology 
of a volcanic igneous terrain in which 6 producing sulphur mines and one large 
limonite deposit occur. In Japanese; summary in English. 


Explanatory Text of the Geological Map of Japan. Mimmaya (Aomori-5). 
Ryoner Ora, AtsusH1 Ozawa and Koy1 Ono. Pp. 35; figs. 2; tbls. 2; geologic 
map, 1: 50,000. Stratigraphy and structure of Quaternary and Tertiary sediments 
and lavas. In Japanese; summary in English. 

Rept. 170. Report on the Geological, Geophysical and Geochemical Studies of 
Usu Volcano (Showa-Shinzan). T. Nemoto, M. Hayakawa, K. TAKAHASHI 
and S. Oana. Pp. 173; pls. 13; figs. 83; tbls. 26. Geological, seismic, gravimetric, 
magnetic temperature, radioactivity, electrical and geochemical studies carried out 
to investigate the utilization of natural steam. In Japanese; abstract in English. 
Rept. 171. Modes of Occurrence of Iodine from the Brine Associated with 
Natural Gas at the Peninsula. Yasurumi1 IsHiwapa and 
SuHINnapDA. Pp. 29; pls. 2; figs. 16; tbls. 15. Geochemical study of connate waters 
from which 98% of Japanese iodine production is obtained. In Japanese; abstract 
in English. 

Vol. 8, No. 2. Bulletin of the Geological Survey of Japan. Pp. 64; figs. 42; 
tbls. 35. Four papers dealing with geology of the Asama Hotspring Zone; the 
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Manganese deposits of Nodatamagawa; electrical prospecting for water; and an 
occurrence of titaniferous iron sand at Hobetsu. In Japanese; abstracts in English. 


Centro de Documentacion Cientifica y Tecnia—Mexico City, 1954-57. 


Tomo III, No. 1. Boletin del Centro de Documentacion Cientifica y Tecnica 
Mexico. Pp. 190. Price, $6.00 annually. Bibliography of papers in the sciences 
received by el Centro de Documentacion. 


Vol. VI, No. 2. Seccion 14. Matematicas Astronomia y Astrofisica Fisica 
Geologia, Geofisica, Geodesia. Pp. 32. Bibliography of scientific >apers re- 
ceived. 
Vol. VI, No. 3. Seccion 1*. Matematicas Astronomia y Astrofisica Fisica 
Geologia, Geofisica, Geodesia. Pp. 35. Bibliography of scientific papers re- 
ceived. 


North Dakota Geological Survey—Grand Forks, 1957. 
Rept. of Investigation 28. Halite Deposits in North Dakota. S. B. ANpeErR- 
son and D. E. Hansen. Pp. 3 (2’’4” x 1’ 10”); pls. 3; figs. 16; thls. 3. Jsopach 
maps showing thickness and extent of salts; portions of typical electrical, radio- 
activity, and micrologs of salt sections are included along with a composite section 
of the entire salt sequence. 


North Dakota Pre-Mesozoic Paleogeologic Map. R. H. Maywatp. Scale: 1 
inch to 16 miles. 


Structure Map on Pre-Cambrian. Mitter Hansen. Scale: 1 inch to 16 miles. 
Structure Map on Top of Fuson. D. E. Hansen. Scale: 1 inch to 16 miles. 


Northern Rhodesia Geological Survey—Lusaka, 1957. 


Annual Report for the Year 1956. Pp. 12; pls. 2; fig. 1. Price, 2s. A new 
series of pyrochlore-bearing carbonatites discovered in the Feira District. 


Records of the Geological Survey for the Year Ending 3lst December, 1955. 
Pp. 22; pls. 3. Price, 2s. 6d. Progress in fieldwork; includes further information 
on the Nambala-Sonkwe District nitrates. 


Ontario Department of Mines—Toronto, 1957. 


Bull. 152. Ground Water in Ontario, 1951 and 1952. A. K. Warr. Pp. 284; 
pls. 4; figs. tbls. 7. Measurement of water-level fluctuations in observation wells 
and ground-water data from all wells drilled for water in Ontario during 1951 and 
1952 assembled for reference. 


Metal Resources Circ. 2. Copper, Nickel, Lead, and Zinc Deposits in On- 
tario. J. E. Tomson and S. A. Fercuson and others. Pp. 126; figs. 1; tbls. 
17. Since the last circular was issued in 1954 exploration has resulted in increased 
quantity and value of production. 

Geological Circ. 6. The Sedimentary Petrology of the Mississagi Quartzite 
in the Blind River Area. J. P. McDowe tt. Pp. 31; pls. 8; figs. 16. Similarity 
in trend of current directions in the Mississagi, as measured in cross-bedding and 
ripple marking, and the trends of orebodies as outlined by drilling, suggests that 
the two trends are related. If these trends are genetically related, then this is 
strong evidence of a syngenetic origin of the ore. Excellent treatise. 


Map No. 1957-A. Mineral Map of Ontario. Scale 1: 1,267,200. 
Map No. 1957-B. Haliburton-Bancroft Area. Scale, 1: 126,720. 
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Instytut Geologiczny Polski—Warsaw, 1955-56. 


Bibliografia Geologiczna Polski. No. 25, 1952. Pp. 32. Bibliography of Polish 
publications 1938 to end of 1952. 


Tom XIV. Rhaetic and Lias Between Cracow and Wielun. Jerzy ZNosko. 
Pp. 81; pls. 12; figs. 3. Monograph describing the stratigraphy, paleogeography, 
sedimentation of triassic-Jurassic rocks of the Cracow-Wielun area. 


Bull. 70. Quaternary Researches. Vol. 6. Pp. 431; figs. 23; tbls. 10. Sym- 
posium type report on Pleistocene stratigraphy, glaciation, fauna of Poland. Brief 
summaries of Pleistocene research in other European countries including the 
U.S.S.R. In Polish; summaries in English. 


Bull. 95. Some Geological Researches in Lower Silesia. Lin1a MALINowsKA, 
STANISLAW RADWANSKI, and others. Pp. 177; figs. 15; tbls. 15. Papers on struc- 
ture of Mesozoic and Tertiary of lower Silesia. Description of new graptolite 
locality. In Polish; summaries in English. 


Bull. 96. From Geological Researches in the Tatras and in Podhale. 
ANDRZEJ MICHALIK and Piotr Stiwa. Pp. 106; figs. 26; thls. 8. Two papers on 
tectonics and landslide phenomena. In Polish; summaries in French and English. 


Bull. 97. Contributions to the Geology of the Silesian and Cracovian Regions. 
STANISLAW SIEDLECKI, STANISLAW DzutyNsk1, and others. Pp. 333; pls. 8; 
figs. 46. Eight papers dealing with igneous and metamorphic petrology; geo- 
morphology, mesozoic and Pleistocene stratigraphy. In Polish; summaries in 
English. 

Bull. 98. Some Geological Researches in Lower Silesia. HaALtina ZAKOWA 
and FrRANz ZIMMERMANN. Pp. 203; figs. 2; tbls. 37. Papers on the Culm fauna 
of Lower Silesia and the Paleobotany of the Carboniferous of Lower Silesia. In 
Polish; summaries in English. 


Bull. 99. Description of a High Type Sphagnum Deposit Occurring in West- 
ern Pomorze. Ryszarp Pacowsk1i. Pp. 43; figs. 6. Peat deposits. In Polish; 
summary in English. 


Bull. 101. Ore Veins Near Szczawnica (Pieniny Mts.-Western Carpathians). 
Jan Wojctecnowski. Pp. 81; pls. 4; figs. 6. Mineralogy of epithermal gold- 
silver veins from a formerly productive district. In Polish; summary in English. 


Bull. 102. Micropalaeontological Researches in Poland. WrapystAwa Po- 
ZARYSKIEGO. Pp. 95; pls. 1; figs. 2. Note on Triassic foraminifers of the north- 
west periphery of the Swigty Krzyz Mountains. In Polish; summary in English. 
Bull. 103. Phalerites from Nowa Ruda in Lower Silesia. ANntonr Mora- 
WIECKI and Lupwik CHrospak. Pp. 58; pls. 8; figs. 4. Papers dealing with oc- 
currence of dickite and kaolinite in Polish phalerites. In Polish and English. 


Bull. 106. From the Geological Researches in Lower Silesia. Vol. 3. H. 
TEIsseYRE, J. GIERWIELANIEC and J. JERZMANSKI. Pp. 136; pls. 9; figs. 9. 
Papers on Structure of lower Siberia and a petrographic study of the basalts of 
the area. In Polish; summaries in English. 


Bull. 107. Contributions to the Geology of the Silesian and Cracovian Re- 
gions. Vol. 2. H. Gruszczyx, C. HaraNczyk and W. Kracu. Pp. 142; pl. 1; 
fig. 14. Papers dealing with the Triassic of Crakow-Silesia; Miocene fauna in 
Upper Silesia; and trace elements in Polish sphalerites, galenas and pyrites. In 
Polish; summaries in English. 
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Publicagées do Museu e Laboratério Mineralégico e Geolégico de Uni- 
versidade de Coimbra e do Centro de Estudos Geolégicos—Portugal, 
1956. 

No. 41. Memoérias e Noticias. Pp. 84; pls. 5. Papers dealing with terrestial 

magnetism, heavy minerals, placers, radioactivity of granite, Quaternary gastropods 

and the caves of Beira Litoral. In Portuguese; summaries in French and English. 

No. 42. Memérias e Noticias. Pp. 51; pls. 13. Papers dealing with beach 

sands of Northern Portugal, faunal studies and the mineralogy of pseudomorphs. 

In Portuguese ; summaries in French and English. 


Quebec Department of Mines—Quebec, 1957. 
Geological Rept. 75. Northern Quebec. Josapmat-E. and Ropert 
Berceron. Pp. 34; pls. 31; fig. 1. Jncludes summary of mineral exploration in 
the Labrador Geosyncline. May, scale 1 inch = 32 miles. 
Geological Rept. 76. St-Magloire and Rosaire—St-Pamphile Areas. JAcQues 
BéLanp. Pp. 49; pls. 11; tbls. 8. Unusual assemblage of nickel minerals as- 
sociated with serpentinite. 


Geological Survey of Uganda—Entebbe, 1956-57. 
Annual Rept. of the Geological Survey Dept. for the Year Ended 31st Decem- 
ber, 1955. Pp. 35; pl. 1; figs. 3; tbls. 5. Price, shs. 1/75. 
Memoir IX. Oil in Uganda. N. Harris, J. W. PAttister and J. M. Brown. 
Pp. 33; figs. 6; thls. 2. Price, shs. 12/50. Oil seepage and exploratory drilling 
in the Lake Albert Depression suggests existence of oil in economic quantities. 
Records of the Geological Survey of Uganda 1954. J. V. Hepworrn, R. C. 
ParGcETer, J. W. Barnes and others. Pp. 68; pls. 9; figs. 9. Price, shs. 7/50. 
Six articles by five authors on diverse topics. 
Water Supply Paper 3. Domestic Water Supplies in Rural Areas. N. Harris. 
Pp. 4; pls. 3. Price, one shilling. Construction and cost of catchment reservoirs. 


Virginia Department of Conservation and Development—Charlottes- 
ville, 1956-57. 

Bull. 69. Public and Industrial Ground-Water Supplies of the Roanoke-Salem 
District, Virginia. Bruce F. Latra. Pp. 53; pls. 6; figs. 3; tbls. 5. Map of 
well and spring locations, scale 2, inches = 1 mile. 
Mineral Resources Circ. 6. Subsurface Correlations Based on Selected Well 
Logs from the Eastern Shore Peninsula, Virginia. ALLEN SiNNotrT and G. 
CHAseE Trssitts, Jr. Pp. 11; figs. 2; tbl. 1. 


U. S. Geological Survey—Washington, D. C., 1957. 
Bull. 1019-E. Magnesium Resources of the United States—A Geologic Sum- 
mary and Annotated Bibliography to 1953. R. E. Davis. Pp. 373-515; pl. 1. 
Price, 70 cents. Uses, location of deposits, and reserves. 274 references. 
Bull. 1019-H. Selected Annotated Bibliography of High-Grade Silica of the 
United States and Canada Through December 1954. Marion C. JAstrer. Pp. 
609-673. Price, 25 cents. 282 references on geology, geographic distribution, 
physical and chemical properties, mining, processing, and uses. 
Bull. 1019-I. Annotated Bibliography of High-Calcium Limestone Deposits 
in the United States Including Alaska, to April 1956. G. C. GazprxK and K. M. 
Tacc. Pp. 675-713. Price, 20 cents. 226 references on geology, areal distribu- 
tion, results of chemical and physical tests, mining utilization, reserves, and po- 
tential resources. 
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Bull. 1036-K. Differential Thermal Analysis of Selected Borate Minerals. 
Ropert D. ALLEN. Pp. 193-208. Figs. 10. Price, 15 cents. Curves of bakerite, 
borax, colemanite, genorite, howlite, kernite, meyerhofferite, paricerte, probertite, 
sassolite, searlesite, tincalconite, and ulexite given. Semiquantitative analysis of 
borate mixtures practical with portable apparatus. 

Bull. 1043-B. Application of High-Order Stereoscopic Plotting Instruments 
to Photogeologic Studies. C. L. Pmimore. Pp. 23-34; Price, 15 cents. Dis- 
cussion of accuracy of measurement and advantages of using stereoscopic plotters 
in geologic interpretation and mapping. Kelsh, Multiplex, and ER-55 plotters 
compared. 

Bull. 1061-A. Pennsylvanian and Permanian Rocks of the Southern Inyo 
Mountains California. C. W. Merriam and W. E. Harr. Pp. 15; fig. 1; tbls. 2. 
Price, 15 cts. Stratigraphic revision of Inyo section. Two new formations 
described. 

Water-Supply Paper 1254. Geology and Ground-Water Features of the 
Smith River Plain Del Norte County California. Wiutt1am Back. Pp. 76; 
pls. 7; figs. 12; tbls. 4. Geologic features of ground-water occurrence, quantity, 
and movement ; location and extent of ground-water areas; and influence of hydro- 
logic and geologic factors on chemical quality of ground-water. 

Water-Supply Paper 1330-D. Water Requirements of the Rayon- and 
Acetate-Fiber Industry. Orvitte D. Mussgey. Pp. 141-177; figs. 7; thls. 11. 
Price, 20 cents. Quantitative and qualitative. 

Water-Supply Paper 1417. Geology and Ground-Water Resources of the 
Paducah Area Kentucky. H. L. Pree, Jr., W. H. WAckKer, and L. M. Mac- 
Cary. Pp. 214; pls. 11; figs. 25; tbls. 19. Occurrence, quantity, and quality. 
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SCIENTIFIC NOTES AND NEWS 


The A.A.P.G.-S.E.P.M. Annual Meeting will be held jointly at the Biltmore 
Hotel in Los Angeles, March 10-13, 1958. The Philharmonic Auditorium, di- 
rectly across the street from Convention Headquarters, will be used for joint meet- 
ings and A.A.P.G. technical sessions. Exhibits will be in the Biltmore Ballroom 
and Foyer, and S.E.P.M. technical sessions will be in the Biltmore’s Music room. 
Six nearby field trips will also be held. 

Frep Humpnurey has not left Stanford University but is only on leave of 
absence to be gone one or two years. 

Rosert C. Smita has joined the staff of the Battelle Memorial Institute, where 
he will be in charge of water resources research conducted within the Institute’s 
Department of Economics. In his new position, he will be chiefly concerned with 
research aimed at solving water resources problems, particularly as they relate to 
industrial, municipal, and area development. 

R. E. STEVENSON is now Professor and Chairman of the Department of Geology 
of the University of South Dakota, Vermillion, succeeding Dr. E. P. RorHrock, 
who resigned to enter private practice. H.D. Carson has been added to the staff 
as Assistant Professor of Geology. Dr. Carlson had been previously engaged in 
mineral exploration in Canada. 

Josep P. Lypen, chief geologist for the Eagle-Picher Co. for many years, 
retired on September 30. 

Douctas Brockie, who has been senior geologist in the Tri-State District, is 
being promoted to chief geologist for the company’s domestic operations and 
exploration. 

Sipney L. Grorr has joined the staff of Montana Bureau of Mines and Geology, 
Butte, Mont., as geologist and head of the groundwater branch. 

J. WiLrrep Spooner has been named minister of mines. This makes him the 
eighth minister since the department was established as a separate ministry of the 
Ontario government in 1919. 

Lowe. B. Moon has been named development manager of Kennecott Copper 
Corp., with offices in New York City. He will direct engineering phases of the 
company’s exploration activities. 

L. F. IvannHoE, geologist and geophysicist, has established a technical consult- 
ing service, domestic and foreign, in Bakersfield, Calif. 

Ricuarp K. Kiucescueip, formerly general council for the Kennecott Copper 
Corp., has been elected president of Mesabi Iron Co., succeeding Erte V. DAVELER 
who has become chairman of the board. 

Georce H. Garrey, mining geologist, died at 82, following a heart attack at 
his home in Denver on July 23. 

Montis R. KLepper who has been associated with the U. S. Geological Survey 
in Spokane, Washington, for the past ten years, will transfer to Washington, D. C., 
as assistant chief geologist with the Survey. 
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RENE ENGEL recently moved his petrographic and geochemical laboratory from 
South Pasadena, Calif., to Wofford Heights, Calif., where he is now available as 
consulting geologist. 

CHARLES WILL Wricut recently completed 12 reports on “What the American 
Mine Investor Wants to Know About the Latin American Republics” for the U. S. 
Bureau of Mines. These reports will be published in the form of an Information 
Circular by the Bureau of Mines. 

Ernest L. OuLeE has been appointed chief geologist in charge of the geology 
department of both Copper Range Company and White Pine Copper Company. 

GEORGE SHOECHLE of the U. S. Geological Survey has been visiting geological 
missions in Latin America operated under auspices of the International Coopera- 
tion Administration. 

RAYMOND Brooks, president and general manager of New Discovery Mining 
Corporation, is carrying out active prospecting on behalf of American Smelting & 
Refining Company at Kasonso Mine in the Mumbwa district of Northern Rhodesia. 

Y. Wititiam Isacusen, U. S. Atomic Energy Commission geologist from 
Grand Junction, Colorado, will act as technical advisor to the Turkish government 
in setting up a uranium exploration program for that country. 

The firm of JoHNSON AND STRALEY has come to an end with the death of W. R. 
JouHNson, Jr., but business will be carried on under the firm name of H. W. 
STRALEY, with offices in the Seneca Trail Building, Princeton, West Virginia. 
H. W. Srracey, III, announces that the firm has purchased the business and equip- 
ment of RESEARCH, formerly of Beckley, West Virginia. 

Wa ter L. WHITEHEAD retired last June from the Department of Geology 
and Geophysics at M.I.T. but continued as Director of the 1957 M.I.T. Summer 
School of Geology at Crystal Cliffs, Nova Scotia, and has been appointed Lecturer 
in Geology at M.I.T. and Visiting Professor at St. Francis Xavier University, 
Antigonish, Nova Scotia. 

Hersert E. Hawkes resigned from M.I.T. to accept a professorship in the 
Division of Mineral Exploration, University of California, at Berkeley. 

ArtHuR J. Boucot, formerly geologist with the U. S. Geological Survey, 
joined the staff of M.I.T. as Assistant Professor of Geology. He will offer work 
in Paleontology and Sedimentology and direct the M.I.T. Summer School of 
Geology. 

The INnstiruTION OF MINING AND METALLURGY and the UNITED Kincpom 
MetTAL MiniING AssSOocIATION are to hold a symposium in London during Sep- 
tember, 1958, on “The Future of Non-ferrous Mining in Great Britain and Ireland.” 
It is proposed to discuss the known and prospective occurrences of minerals other 
than iron and coal in Great Britain and Ireland, and the problems, both technical 
and economic, affecting their exploration and development. 

The ConsoL_ipatep Denison Mines Limitep at Blind River, Ontario, officially 
opened the world’s largest uranium operation at Quirke Lake, Ontario. Over 500 
guests saw over 4,000 tons of high-grade uranium ore being mined and processed 
—roughly 65 percent of the rated daily capacity of the operation. 

Paut F. Kerr, Professor of Mineralogy at Columbia University, was recipient 
of the third K. C. Li Medal, awarded for “meritorious achievement in advancing 
the science of tungsten.” The medal and citation were presented to Dr. Kerr on 
Thursday, October 31, in the Men’s Faculty Club, 400 West 117th Street. A 
reception and dinner in the Faculty Club followed the presentation of the medal. 
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Dr. John A. Krout, vice president and provost of Columbia, introduced the medalist 
and President Kirk read the citation and presented the medal. Dr. Kerr was cited 
“for his role as scientist, teacher and leader in the study of tungsten and other ores 
through the avenues of mineralogy, geology and physical chemistry.” Professor 
Charles H. Behre, Jr., executive officer of Columbia’s Department of Geology, 
served as chairman of the dinner committee, and Francis Cameron, vice president 
of the St. Joseph Lead Company, acted as toastmaster. 

Georce E. Krucer has been appointed to the official staff of the Chase Man- 
hattan Bank as Mining Geologist. He was formerly associated with Cerro de 
Pasco Corporation and Ventures Limited and has been a consultant in mining 
geology in South America and New York. 

GeorceE C. Herxes, formerly chief mining engineer for National Lead Co., has 
been named manager of mineral resources for Continental Uranium, Inc., with 
offices at Grand Junction, Colo. 

C. DeWirr Smita, formerly with St. Joseph Lead Co., has been elected vice 
president in charge of operations for the Copper Range Co. with headquarters 
in Boston. 

Scotr Turner, former director of the U. S. Bureau of Mines, has been chosen 
to receive the Hoover Medal for 1957. ' 

Howarp L. HartMAN has been named professor and head of the Department of 
Mining at the Colorado School of Mines. He replaces Arnold W. Asman who 
resigned recently. 

He1kk1 V. TuoMINEN has been named Associate Professor of Geology at 
Lehigh University. Formerly chief geologist for the Finnish Ore Co. of Helsinki, 
he was engaged in magnetic and geologic prospecting in Finland and Lapland. 

CuHarLes J. VITALIANO, a professor in the Geology Department of Indiana 
University, received a grant from the National Science Foundation which has 
enabled him to undertake studies of volcanic rock and its relationship to ore min- 
eralization in the Tonopah and Goldfield, Utah, area. 
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For “BOOKS IN GEOLOGICAL SCIENCES”—a list of current 
and standard books on geology and related fields—available for 
purchase thru Economic Geology Business Office, 105 Natural 
Resources Bldg., Urbana, Illinois, see back pages of the No. 5, or 
August, 1957 issue. 
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An international journal devoted to the field of 
Economic Geology 


Edited by ALtan M. BaTtEMAN 
Business Editor, Morris M. LercGHTon 
8 issues per year 
Regular subscription rate, $6.50, student rate, $4.00 
(Canadian postage, 30¢) 


Students registered in geology courses in the United States and Canada may 
send for application blank to: Economic Geology Publishing Company, 105 
Natural Resources Building, Urbana, Illinois. 
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for precision microscopy with polarized light 


POLARIZING microscopes 


— 


In such fields as geology, mineralogy, 
petrography, coal research, plastics, bi- 
ology, chemistry and biochemistry, there 
is a Leitz POLARIZING Microscope de- 
signed to meet every requirement. No 
other manufacturer offers such a wide 
variety of polarizing microscopes and 
accessories, built to the highest stand- 
ards of quality and design. 


Leitz polarizing 
microscope, Model AM 


@ Rotating anastigmatic tube analyzer 
for improved image quality and freedom 
from eyestrain. 

@ Polarizing tube accommodates large 
field-of-view eyepieces. 

e@ Bertrand auxiliary lens with iris dia- 
phragm can be raised and lowered. 

@ Rapid clutch changer and centering 
device for permanent centering of ob- 
jectives. 

@ Large substage illuminating 
apparatus with two-diaphragm 
condenser and polarizer, either 

calcite or filter. 

@ Rotating object stage on ball 
bearings, with vernier reading to “ieth® 
@ Rack and pinion motion for raising and 
lowering stage, to accommodate large 
opaque specimens. 

@ Polarizing vertical illuminator easily 
attachable. 


&. LBITZ, INC., Dept. G-11 
468 Fourth Ave., New York 16,N.¥Y. 


Please send brochure on Leitz POLARIZING 
Microscopes. 


City Zone. Stote 


=. LeiITrz., inc.,468 FOURTH AVENUE, NEW YORK 16, N. Y. 
Distributors of the world-famous products of Ernst Leitz, Wetziar, Germany 
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ADVERTISEMENTS 


AVAILABLE—ORDER NOW! 


ECONOMIC GEOLOGY JOURNAL 
INDEX TO VOLS. XLI-L 
(1946 - 1955) 


Price $3.00 


ORDER FORM 


To: Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 
Please enter my order for ......... copies @ $3.00 each 


Payment enclosed 
Please bill me —.____ 


Send copy to: 
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ECONOMIC GEOLOGY 


ANNOTATED BIBLIOGRAPHIES OF ECONOMIC GEOLOGY 


Available—Vols. I-X XVIII (1928-1955). 
Vol. XXIX (1956) current volume for 1957. 

Price $5.00 per volume anywhere in the world thru Volume 27. 
Effective Volume 28—price change to $6 per volume. 
General Index, Vols. I-XXV, in preparation. 

Order now from 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


ECONOMIC GEOLOGY JOURNAL INDEX to Vols. XXXI-XL 
(1936-1945)—published September, 1947 
Price $2.00 


Also available Index to Vols. I-XX (1906-1926) —$3.00 
Index to Vols. XXI-XXX (1927-1935)— 2.00 
Index to Vols. XXXI-XL (1936-1945)— 2.00 
Index to Vols. XLI-L (1946-1955) — 3.00 


ECONOMIC GEOLOGY PUBLISHING COMPANY 
105 Natural Resources Building Urbana, Illinois 


FOR SALE 


BACK VOLUMES OF ECONOMIC GEOLOGY 
From Stock: 
Complete Volumes: 3, 6, 7, 8, 9, 10, 11, 15, 22, 25 
@ $15 per volume 
Complete Volumes: 26, 27, 28, 29, 30, 31, 32,. 33, 
34, 35, 36, 37, 38, 39, 40, 41, 
42, 43, 44, 45, 46, 47, 48, 49, 
50 @ $12 per volume 
Incomplete Volumes but from which certain issues are still available 
(some of them almost complete) : 
1, 2, 4, 5, 12, 13, 14, 16, 17, 18, 
. 19, 21, 23, 24 @ $2.25 per issue 
Also shelf worn copies of scattered numbers thruout 
the series @ 75¢ per copy 
Inquire: 
Economic Geology Publishing Company 
105 Natural Resources Building 
Urbana, Illinois 
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ADVERTISEMENTS 


Economic Geology issues devoted to articles on 
uranium or containing an article thereon: 


Vor. 51, No. 1—Rocer Y. Anperson and Epwis B. Kurtz, Jr.: A Method for the De- 
termination of Alpha-Radioactivity in Plants as a Tool for Uranium Prospecting 


Vor. 51, No. 2—Paut B. Barton, Je.: Fixation of Uranium in the Oxidized Base Metal 
Ores of the Goodsprings District, Clark Co., Nevada 


Vot. 51, No. 3—Gzorce W. Waker and Franx W. Osterwatp: Uraniferous Magnetite- 
Hematite Deposit at the Prince Mine, Lincoln County, New Mexico 


Vor. 51, No. 4—J. Rape: Notes on the Geotectonics and Uranium Mineralization in 
the Northern Part of the Northern Territory, Australia 


Vor. 51, No. 4—Gzorce E. Bocrart: Uranium Deposits of the Northern Part of the 
Boulder Batholith, Montana 


Vor. 51, No. 6—Joun W. Gruner: Concentration of Uranium in Sediments by Mul- 
tiple Migration-Accretion 


Vow. 51, No. 6—R. S. Matrueson and R. A. Seart: Mary Kathleen Uranium Deposit, 
Mount Isa-Cloncurry District, Queensland, Australia 


Vor. 51, No. 7—Evucense B. Gross: Mineralogy and Paragenesis of the Uranium Ore, 
Mi ‘Vida Mine, San Juan County, Utah 


Vor. 50, No. 2—Uranium issues (12 articles on uranium) 


Vor. 46, No. 4—Wrt1am L. Russert and S. A. Scuersatskoy: The Use of Sensitive Gamma 
Ray Detectors in Prospecting 


Economic Geology Publishing Company 
105 Natural Resources Bldg. 
Urbana, Illinois 


INTERNATIONAL UNION OF GEODESY AND GEOPHYSICS 


BULLETIN GEODESIQUE 


Quarterly Journal published by the Central Office of the 
International Association of Geodesy, 
19, rue Auber, Paris, FRANCE 


The scientific hag appearing in the BULLETIN GEODESIQUE 


are prepared he foremost geodesists and geophysicists in the 
world and aed with the following subjects: Mathematical geodesy 
(instruments, observations, calculation and adjustment of elangetations, 
Astronomical determination of geographic positions, Dynamical geodesy 
(gravimetry, figure of the Earth, earth tides, isostasy, etc.) Leveling. 
It contains also a section of book notices. 


Application for subscription to be addressed to: International Association of Geodesy, 
19, rue Auber, PARIS, 9e. Annual subscription: $2.65 (payable by check drawn 
to the order of the International Association of Geodesy, the remittance to be sent 
to the International Association of Geodesy, care American Geophysical Union, 
1530 P Street N.W. WASHINGTON 5, D. C) or 13 shillin Sayre bya deposit 
in a © the credit of the “Association Internationa odésie” at the 
National vincial Bank, Avenue Branch, SOUTHAMPTON, England.) 
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ECONOMIC GEOLOGY 


COMPREHENSIVE INDEX 


OF THE PUBLICATIONS OF THE AMERICAN ASSOCIATION OF 
PETROLEUM GEOLOGISTS, 1917-1945 


By DAISY WINIFRED HEATH 
603 PAGES. PRICE $4.00 (TO MEMBERS, $3.00) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
Box 979, Tulsa 1, Oklahoma 


LABORATORY FOR ROCK ANALYSIS 


Chemical analyses of rocks and minerals made with a 
required for research. Commercial work cannot be anoageed. 
SAMUEL S. GOLDICH, in charge 
Department ef Geology and Mineralogy, University of Minnesota, Minneapolis 14, Minnesota 
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MOUNTED ORE PETROGRAPHIC SECTION SERVICE 
SECTIONS 26364 W. MAIN ST., ALHAMBRA, CALIFORNIA 


= BRIDGEPORT. CONN. SY NEW HAVEN, CONN 
POUGHKEEPSIE, N.Y. 
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ADVERTISEMENTS 


Geophysics for Economic Geologists 


GEOPHYSICAL CASE HISTORIES, VOLUME I (1948) $7.00 
GEOPHYSICAL CASE HISTORIES, VOLUME II (1956) $7.00 
CUMULATIVE INDEX, 1931-1953 (All publications) $4.00 
GEOPHYSICS (Quarterly) Per year $10.00 


Detailed list of publications on request 


Send Order with Remittance to 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 1536 Tulsa 1, Oklahoma 


An A.A.P.G. Book! 


POSSIBLE FUTURE 
PETROLEUM PROVINCES 
OF NORTH AMERICA 


UP-TO-DATE PICTURE OF UNDISCOVERED RESOURCES, SYMPOSIUM 
REPRESENTING THE WORK OF 17 GEOLOGICAL SOCIETIES, 13 FEDERAL, 
STATE, AND PROVINCIAL GEOLOGICAL SURVEYS, OR ANALOGOUS OR- 
GANIZATIONS, REPRESENTATIVES OF 33 OR MORE OIL COMPANIES AND 
8 UNIVERSITIES, AND 24 CONSULTING GEOLOGISTS. 


@ First published in A.A.P.G. Bulletin, February, 1951 
© Complete symposium, 6 x 9 inches, bound in cloth 
© 360 pages, 153 line drawings 
PRICE: $4.00 POSTPAID 
(Member price, $2.50) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA I, OKLAHOMA, U.S.A. 
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ECONOMIC GEOLOGY 


| 
SEPARATOR 


For the Laboratory Separation of Minerals 


ISODYNAMIC is the name that identifies the only magnetic 
separator of this type that is self-contained. In the massive 


cast iron base are located all the necessary switches as well 
as the magnet and vibrator controls. The ISODYNAMIC 
provides the ultimate in convenience and ease of operation. 


+—Fine worm and gear adjust- 
ment of side slope 


Clamp for horizontal shaft 


Pilot lamp shows when 
magnet is “on” 


Rheostat-potentiometer 
controls magnet current 


On-off switch 
for magnet 


Inclined Feed 


shown High-low range switch 


for magnet 


Meter indicates 
magnet amperes 


Vertical Feed Attachments also available witch for 


chute vibrator 


Control of 
vibrator intensity 


For complete information 
write for Bulletin 132-I 


S. G. FRANTZ Co., Inc. ... Engineers 


P.O. Box 1138 Cable Address: 
Trenton 6, New Jersey, U.S.A. 


MAGSEP, Trentonnewjersey 
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ADVERTISEMENTS 


A GLOSSARY OF GEOLOGY 
AND 


RELATED SCIENCES 


published by the 
AMERICAN GEOLOGICAL INSTITUTE 


A cooperative project of the AGI and its member so- 
cieties, with more than 90 specialists contributing to its 
compilation. J. V. HOWELL, CHAIRMAN, AGI Glossary 
Project. 


Contains nearly 14,000 terms used in theoretical and 
applied geology and geophysics. 


® cloth bound 
® about 350 pages 
@ 7x 10 inches 


@ 25 fields covered... 


COAL GEOLOGY MINERALOGY 
ENGINEERING GEOLOGY NUCLEAR GEOLOGY 
GEOCHEMISTRY ORE DEPOSITS 
GEOMORPHOLOGY 
GEOPHYSICS 

GLACIAL GEOLOGY PETROLEUM GEOLOGY 


PETROLOGY 
GLACIOLOGY 
HYDROLOGY SEDIMENTOLOGY 


SEISMOLOGY 
INVERTEBRATE PALEONTOLOGY SPELEOLOGY 


(except morphologic terms) STRATIGRAPHY 


MARINE GEOLOGY (except stratigraphic names) 
METEOROLOGY STRUCTURE 


MILITARY GEOLOGY SURVEYING & MAPPING 


PRICE $6.00 U. S. postpaid 


PAYMENT MUST ACCOMPANY ORDER 


Order from 


AMERICAN GEOLOGICAL INSTITUTE 
2101 Constitution Avenue, N.W., 
Washington 25, D. C. 
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